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Abstract  
Fibre laser cutting of mild steel using oxygen and nitrogen is widely used in 
industries throughout the world. An IPG YLR-2000 Ytterbium fibre machine with a 
maximum power of 2 kW and a wavelength of 1.06 µm is used throughout this 
research. The effects of oxygen and nitrogen as assist gases on the feature of laser 
cutting process are different in terms of kerf width, surface roughness, heat affected 
zone and striation pattern. The kerf width in oxygen laser cutting is wider than that 
for nitrogen. The striation pattern on oxygen cut edge is smoother than that for the 
nitrogen cut edge. When using oxygen, the cut edge is covered by a fragile oxide 
layer while this feature is not seen on the nitrogen cut edge. After laser cutting with 
oxygen, the cut edge is dross free whilst nitrogen cut edge is drossy.  
Laser piercing is used to generate a starting point for laser cutting. The pierced hole 
is normally larger than the kerf width, which means that it cannot lie on the cutline. 
An experimental programme investigating the piercing process as a function of laser 
and assist gas parameters is presented. Oxygen and nitrogen were used as assist 
gases, with pressures ranging from 0.3 to 12 bar. The sizes, geometries and piercing 
time of the holes produced have been analysed. The pierced hole size decreases with 
increasing gas pressure and increasing laser power. Oxygen assist gas produced 
larger diameter holes than nitrogen. A new technique is presented which produces 
pierced holes no larger than the kerf with and would allow the pierced hole to lie on 
the cut line of the finished product ± allowing better material usage. This uses an 
inclined jet of nitrogen when piercing prior to oxygen assisted cutting. 
Specific point energy (SPE) is a concept that has been successfully used in laser 
welding where SPE and power density determine penetration depth. This analysis 
allows welding carried out by different laser systems to be directly compared. This 
work investigates if the SPE concept can be applied to laser cutting. Laser cutting of 
various thicknesses of mild steel, two different optical set ups and three different 
delivery fibres with a range of powers and translation speeds is done to gain results 
for numerous different parameter combinations. It is found that the SPE concept is 
applicable to laser cutting and the following effects noted: for given material 
thickness and any given value of SPE, cost is decreased by using a larger beam 
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diameter; for given cut sheet thickness, cutting efficiency increases with SPE; for 
given value of SPE, cutting efficiency increases as material thickness decreases. 
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1 Introduction 
1.1 General background  
Laser cutting has become one of the most reliable advanced manufacturing 
technologies for industrial productions and has undergone many improvements since 
its beginning in the 1970s [1, 2]. The cost effectiveness of the laser cutting process is 
evident in its wide scope of application [3]. The cutting process is CNC 
programmable and so can be flexible. Lasers have undertaken those tasks that carried 
out by CNC flame cutting [4]. It can be also an alternative to mechanical cutters and 
is used in wide variety of industries. Almost all materials can be cut by laser [1]. 
Metal plates, hollow section metal and polymers can be cut by laser [3]. The 
maximum metal sheet thickness is limited depending on the type of laser, material, 
assist gas and other cutting parameters [3, 4]. It is believed that the laser cutting 
process has the potential to be optimised to a greater extent of efficiency than at 
present [5, 6].  
Laser cutting is a non-contact process so there is no force mechanically applied to the 
workpiece except for that from the pressure of the assistant gas. Therefore, strong 
clamping fixtures are not necessary and hence, thin or delicate sheets can be cut 
without any mechanical damage [1, 2]. 
Nowadays, two types of laser are most commonly used in laser cutting: CO2, and 
disk/rod/fibre Nd:YAG lasers. Both generate high intensity beams of infrared light. 
CO2 laser with a wavelength of 10.6µm and disk/fibre laser with wavelength of 
1.06µm has its own applications. The general principles of cutting are similar for 
both types of laser. Most organic materials cannot be cut properly by disk/fibre lasers 
[3, 7]. In general cutting applications, CO2 lasers are most effective. However, It has 
been reported that the disk/fibre laser has some advantages over the CO2 laser [3, 6]. 
The performance of the fibre laser, when laser cutting mild steel sheet, is the subject 
of this research.  
1.2 Aims and objectives  
One of the most common metals to be cut by laser is thin mild steel sheet using 
oxygen or nitrogen as assist gases. The presence of oxygen in the cutting zone 
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creates an exothermic reaction with Fe and the energy released by this reaction 
enhances the cutting process [1, 8, 9]. However, nitrogen does not react with iron and 
only used to remove the molten material from the cutting zone [1, 2, 10].  
To date, there are few published articles on fibre laser cutting of mild steel. These 
have focused on the effects of laser cutting parameters on the cut quality compared 
with CO2 laser cutting. There are still many questions to be answered regarding the 
details of fibre laser cutting of mild steel when using oxygen and nitrogen as assist 
gases. Those addressed in this thesis are as following:  
1- The first purpose of this report is to study fibre oxygen/nitrogen laser cutting 
of mild steel, in terms of kerf width, heat affected zone, surface roughness 
and the phenomenon of striation generation. The aim in this section is to 
characterise these aspects of fibre laser cutting.  
2- In laser cutting of mild steel, the use of oxygen creates an exothermic 
reaction with iron releasing additional energy which can enhance the process. 
However, to start the laser cut, the laser has to pierce a hole in the workpiece 
from where the cut proceeds. This start-up hole has a larger width than the 
rest of the cut so piercing has to be carried out away from the final cut 
surface, leading to material wastage. Better understanding of laser piercing is 
needed to be able to minimise the amount of material wastage in laser cutting. 
How can laser cutting process be optimised? 
3- A novel research method has been developed by Cranfield University [11, 
12] on laser welding. They describe the welding process uniquely using basic 
laser material interaction parameters such as specific point energy (SPE) and 
power density. It is of interest if this approach is applicable in laser cutting. 
Does the SPE and power density control the cut sheet thickness possible? 
Does the interaction time control the kerf width? 
1.3 Overview 
In order to begin the investigations into fibre laser cutting, chapter 2 presents a 
background to the field of laser cutting of metals considering the relevant published 
work. The experimental methods, samples preparation, samples observation and the 
relevant equipment applied throughout this research are explained in detail in 
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chapter 3. The preliminary laser cutting results from the oxygen and nitrogen laser 
cutting of mild steel sheets are introduced in chapter 4. This chapter contains a 
comparison between oxygen and nitrogen laser cutting in terms of kerf width, surface 
roughness, heat affected zone and striation pattern. Chapter 5 concentrates on fibre 
laser piercing of mild steel. The effects of power intensity, assist gas type and 
pressure on the laser piercing are investigated. A new technique is presented which 
pierces the start-up holes no larger than the kerf with and would allow the pierced 
hole to lie on the cut line of the finished product ± leading better material usage. In 
chapter 6, the effects of basic laser material interaction parameters such as specific 
point energy, power density and interaction time on the fibre laser cutting are 
studied. A summary and conclusion of the thesis is presented in chapter 7. Finally, 
the relevant suggestions for future study are given in chapter 8. 
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2 Literature review 
2.1 Introduction to laser beam  
The purpose of this section is to briefly review what the laser beam is. Light 
Amplification by Stimulated Emission of Radiation (LASER), which has some 
unique properties including being monochromatic, coherent and having a very low 
divergence, is a classic interpretation of the atomic excitation. This atomic excitation 
can be divided into two stages:  
1- The absorption of energy (heat, light, electricity) by the atom and  
2- Moving from a lower energy orbit to a higher energy orbit (Figure 2.1).  
 
Figure 2.1- The absorption of input energy by an electron and moving from a lower-energy 
orbit to higher-energy orbit.  
Naturally, an excited electron tends to relax back to the ground state and relieves 
itself of some photonic energy (Figure 2.2). Such photons are not laser light yet, but 
can produce laser light by stimulated emission. This happens when these photons 
encounter other excited atoms (Figure 2.3). The incident photon causes the excited 
atom to release a photon, of the same energy, which is in phase with the original 
photon. So, one excited atom and one photon results in one released atom plus two 
photons. In order to increase the probability of this scenario, photons are repeatedly 
reflected through the laser medium. 
 
Figure 2.2- The excited electron decays and emits a light photon. 
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Figure 2.3- Stimulated emission: photons encounter other excited atoms. 
Existing atoms in the medium are excited by a flash tube (Figure 2.4). Photons 
reflect between two mirrors and emission of more photons will be stimulated, 
building up the laser beam (Figure 2.5); the beam exits through the partially reflected 
mirror. 
 
Figure 2.4-The simple structure of a laser device showing the excited state [13]. 
 
Figure 2.5- Stimulated photons travelling through the mirror are termed a laser beam [13]. 
The classification of lasers can depend on the kind of medium involved. Gas, solid, 
liquid or semiconductor laser medium can be used [13]. 
2.2 Laser beam characteristics  
The properties of the laser beam, which directly affects the beam quality and 
absorptance, are characterised in terms of the wavelength, wave mode, power 
intensity, polarisation and beam quality. When the laser beam is applied as a heating 
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tool in material processing applications such as welding and cutting, the beam quality 
and absorptance can directly affect the quality of process, as if a fibre/disk laser is 
providing significant advantage to the users in terms of higher speed with lower 
power in comparison with CO2 laser [6]. 
2.2.1 Wavelength  
The wavelength of a particular laser depends on the energy levels of atoms in the 
laser medium and transitions in the process of stimulated emission [2]. In laser 
material processing, a laser beam should penetrate the surface of the workpiece, in 
order to melt the material [14]. With regard to the physical mechanism of laser 
interaction with the surface of material, the wavelength of laser has a decisively 
LPSRUWDQW HIIHFW RQ WKH PDWHULDO¶V VXUIDFH DEVRUSWLYLW\ (Figure 2.6) [15]. The 
maximum absorption of laser energy with lowest reflection can be obtained with a 
certain wavelength for a specific material type. The two most common commercial 
lasers are CO2 lasers with a wavelength of 10.6 µm and Nd:YAG with 1.06 µm, both 
of which are used in cutting and welding processes. Due to the shorter wavelength, 
fibre/disk/Nd:YAG have some advantages over CO2. The absorption of fibre lasers 
in metallic materials is higher than that is in CO2 lasers as shown in Figure 2.6. The 
reasons for the different performances between fibre/disk and CO2 laser cutting are 
not yet completely realised and there are debatable discussions in literatures.  
The energy of photons is inversely proportional to the wavelength so the majority of 
energetic photons with a short wavelength can penetrate into the bound electrons of 
the material surface atoms, resulting in reflection reduction and absorption 
enhancement [1, 15, 16]. The relatively low wavelength of fibre, Nd:YAG and disk 
lasers, due to lack of interaction with silica glass, enables their delivery through 
optical fibres for flexible laser applications. 
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Figure 2.6- Laser absorptivity by metals as a function of wavelength [15]. 
2.2.2 Polarisation  
Any laser beam has two fields: electrical and magnetic, caused by an electromagnetic 
oscillation and the polarisation of one beam can be linear, circular, and random. For 
instance, polarization in the fibre lasers is random. Noteworthy is the report that 
polarisation of laser beam can affect laser processing [17-19]. Niziev et al. [17] 
concluded by 3D modelling that laser polarisation influences cutting efficiency, 
depth of cut and cut edge quality. Weber et al. [18] believe that polarised CO2 laser 
beams show very specific absorbed intensity behaviour, which is of importance in 
industrial and scientific applications. The absorptivity of the perpendicular polarised 
beam is less than that for others (Figure 2.7).  
 
Figure 2.7- The effect of S polarization (perpendicular) and P polarization (parallel) on 
absorptivity of CO2 laser [18]. 
Using a radially polarised CO2 laser beam, Weber et al. could increase the cutting 
efficiency up to 36% and the maximum cutting speed up to 37.5% in cutting of 2 mm 
stainless steel (Figure 2.8) [18]. They also found that using the tangentially polarised 
laser beam in deep welds at low welding velocity, the spatter significantly decreased 
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below 40% in comparison with random polarised beam. They also realised that the 
drilling efficiency increases using radial polarisation in the case of shallow hole 
depths, while for deep drilling tangential polarisation has more efficiency [18]. In 
this thesis the polarisation is random.  
 
Figure 2.8- Cutting speed in radial and circular polarization of CO2 laser for 2mm X5CrNi18-10 
[18]. 
2.2.3 Laser beam interaction  
When the laser beam encounters a surface at an incidence angle, some of the beam is 
reflected while the rest is refracted and/or absorbed into the surface [20]. Figure 2.9 
schematically shows the reflection and absorption definition of an incident laser 
beam.  
Brewster angle is a special angle of incidence at which an unpolarised beam is 
reflected from the surface perfectly polarised (perpendicularly) while the absorbed 
ray is partially polarised. 
 
Figure 2.9- Diagram defining the reflection and absorption of a laser beam.  
In the laser material applications such as cutting and welding, the values of 
absorption and reflection significantly affect the process quality. As has been 
reported by Mahrle and Beyer [21], the reflection values can be calculated using 
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Fresnel formulations in fibre laser cutting process for a polarised laser beam as 
shown by equations 2.1 and 2.2: 
 ܴ௉ ൌሺ݊Ǥ  ߮௜௡ െ  ?ሻଶ ൅ሺ݇Ǥ  ߮௜௡ሻଶሺ݊Ǥ  ߮௜௡ ൅  ?ሻଶ ൅ሺ݇Ǥ  ߮௜௡ሻଶ 2.1 
 
 ܴௌ ൌሺ݊ െ ߮௜௡ሻଶ ൅݇ଶሺ݊ ൅ ߮௜௡ሻଶ ൅݇ଶ 2.2 
Where RP is the reflection for parallel and RS is the reflection of perpendicular 
polarised laser radiations, ߮௜௡ is the inclination angle, n is the refractive index and k 
is the extinction coefficient.  
For circular polarised or un-polarised radiation the average of RP and RS is used as 
shown by equation 2.3 [21]:  
 ܴ஺௩௘ ൌ ܴ௉ ൅ܴௌ ?  2.3 
The indices of reflection (n) and absorption (k) vary slightly with temperature; 
however, they are strongly dependent on the wavelength. Table 2.1 shows the indices 
of refraction and extinction coefficients of molten iron for different wavelengths and 
temperatures. 
Table 2.1- Index of refraction and extinction coefficients of iron for different wavelengths and 
temperatures (melting point, boiling point and average) [21]. 
Temperature (K) Wavelength = 1.07 µm Wavelength = 10.6 µm 
n k n k 
1800 5.46 3.96 15.5 15.1 
3000 5.14 3.68 14.6 14.1 
2400 5.30 3.82 15.0 14.6 
Figure 2.10 illustrates the theoretical absorptivity for different un-polarised laser 
beam wavelengths of 10.6 µm (CO2) and 1.06 µm (fibre/disk) as a function of the 
incident angle. The absorptivity reaches a maximum at a distinct angle of incidence 
which is referred as the Brewster angle. After exceeding this angle the absorptivity 
strongly diminishes with subsequent increased values of the inclination angle.  
The fibre or disk laser (1.06 µm) has a maximum absorptivity at the Brewster angle 
of 79.6 º while for CO2 (10.6 µm) it is 87.3 º. Theoretically at the angle of 85.9 º the 
absorptivity is the same for both wavelengths.  
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In some published work [22-24], they used absorption as a function of glancing angle 
(complementary angle for incidence angle) as shown in Figure 2.11 which is 
consistent with Figure 2.10. Petring et al. [25] reported that thick plates benefit from 
a larger Brewster angle at the 10.6 µm wavelength of CO2 lasers due to an increased 
absorptance in metal at glancing angle. 
 
Figure 2.10- Absorptivity of unpolarised laser radiation from CO2 (10.6 µm) and solid 
state (1.06 µm) of a molten iron surface as a function of incidence angle [21].  
 
Figure 2.11- Left: Concept of glancing angle. Right: Absorptivity as a function of glancing angle 
[22]. 
Bergstrom et al. [16] investigated the absorptance of steels with respect to Nd:YAG 
laser light. They found that surface oxides, surface contamination, surface roughness 
and the presence of alloying elements can increase the laser absorption. In stainless 
steel samples, a trend of increasing absorptance could be seen for surface roughness 
values above 1.5 µm. For mild steel there was no clear roughness-absorptance 
correlation below the roughness value of 6 µm. Kaplan [23] found that ripples on the 
melt surface causes a complex absorptivity distribution during processes like 
welding, drilling or cutting when using fibre/disk lasers. He concluded that 
absorptivity for rather smooth melt surface remains quite steady; but for higher 
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roughness levels, a complex and nonlinear absorptivity modulation (in average 33%) 
happens across the surface which is proportionally lowered by the presence of local 
absorptivity as shadow domains. Fomin et al. [26, 27] restated that in CO2 laser 
cutting of steel using oxygen, the absorbance coefficient in the cut zone increases 
with sheet thickness as shown in Figure 2.12. In contrast with CO2, the absorptivity 
in fibre/disk lasers decreases for thicker material [21]. 
 
Figure 2.12- Absorptivity coefficient for CO2 laser of steel using oxygen as a function of material 
thickness. Power was increased from 1000 W to 3000 W with increasing thickness [26]. 
2.2.4 Pulsed and Continues Wave (CW) modes 
Both continuous and pulsed lasers can be used in laser cutting process. The cutting 
speed is specified by the average power intensity. The higher the average power is, 
the higher the cutting speed is. Hence, a high power CW laser is more suitable in 
laser cutting [1]. In laser cutting around sharp corners, due to the reduction of speed, 
the heat conduction increases resulting in inferior cut quality so pulsed lasers are 
more appropriate.  
In contrast, the cutting speed of pulsed laser is lower than CW laser. A high power 
CW is useful for thicker material to achieve the high cut quality and high cutting 
speed. However, removing the molten material from a narrow kerf, in a thick sheet at 
a high average power laser, is much difficult; and the heat is being transferred to the 
cut front causing a severe heat affected zone (HAZ) and deterioration of the cut 
quality [28]. Lower energy pulsed lasers are suitable for fine cutting and piercing [2, 
29].  
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2.2.5 Power 
One of the main characteristics of the focused laser beam for heating and melting of 
the workpiece material, is power. Overall, laser machines are sized with maximum 
output power which refers to the maximum energy per second emitted from the laser 
system. A high brightness laser (disk/fibre) provides a high output power with a 
small beam diameter resulting in high power intensity. Hence, in comparison with 
CO2 laser, the brightness characterises a given laser in terms of its usefulness as a 
tool in laser processing [2]. Ghany et al. [30] reported that in laser cutting of zinc-
coated steel, Nd:YAG needs less power and attaines higher speeds than CO2 lasers. 
The benefits of using high power intensity in laser cutting are rapid heating and 
melting of the material, higher cutting speeds, higher absorptance (fast penetration) 
and good quality [2]. Xiao [31] compared fibre laser with CO2 and found that almost 
with the same power, fibre cuts 3mm-thick mild steel faster than CO2 laser. 
 
Figure 2.13- Comparison between CO2 and fibre laser cutting of 3mm-thick mild steel and the 
effect of power on the cutting speed [31]. 
2.2.6 Power density  
In laser cutting, disregarding the effect of gas type on the fusion, the ability of 
focused laser beam in melting of the material can basically be described with two 
terms of power and power density. According to definition, the density of a laser 
beam equals the power (P) divided by the area (A) over which the power is 
concentrated as shown in equation 2.4.  
 ݍ௉ ൌ ܲܣሼܹ݉ିଶሽ 2.4 
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Power density can be changed by either power or beam diameter or both. If the beam 
diameter is changed by a factor of two, the power density will be changed by a factor 
of four. The high power density of focused laser beam causes the material to melt 
rapidly, so that little time is available for heat to spread through the cut front into the 
surrounding material. The high power density can produce high cutting rates and an 
excellent quality of cut [32]. 
2.2.7 Beam quality 
There are two definitions of beam quality based on the divergence angle, usually 
applied: M2 and BPP. 
The M2 is a definition of the beam quality which is usually used for comparison of 
lasers with different wavelengths. It corresponds to the quality of a particular laser 
beam relatively to a perfect beam, as the diffraction limit factor.  
 ଶ ൌ Ɏ଴Ʌ ?ɉ  2.5 
Where W0 is the focused beam diameter (mm)ȜLVWKHZDYHOHQJWK (µm) DQGșLVWKH
divergence angle (°). According to equation 2.5, a laser with M2=1.2 will provide a 
beam diameter 20% larger than a perfect laser beam with M2=1 [2]. 
When the beam quality is evaluated by BPP (Beam Parameter Product), the focus 
ability of a particular beam is considered. The lowest amount of BPP ቀఒగቁ is obtained 
with a diffraction-limited Gaussian beam (TEM00). However, a real laser beam has 
larger BPP as described by equation 2.6. Figure 2.14 illustrates the focused laser 
beam geometry.  
 ܤܲܲ ൌ ߠ଴ ଴ܹ ൌ ߣߨܯଶሼ݉݉Ǥ݉ݎܽ݀ሽ 2.6 
 
Figure 2.14- Focused laser beam geometry[31]. 
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M2 shows how much the BPP of the real laser is larger than the BPP of an ideal 
Gaussian beam. For a Gaussian mode (ideal beam) M2 = 1. Knowing M2, many laser 
beam characteristics can be calculated such as the beam diameter, wave front radius, 
Rayleigh radius, depth of focus and focused spot size [33]. The effect of M2 on the 
beam diameter is illustrated by Figure 2.15.  
 
Figure 2.15- Geometrical definition of M2 and its effect on the beam diameter. The equations 
have been derived from equation 2.5.  
2¶1HLOl demonstrated a practical meaning of the BPP as shown in Figure 2.16 [34]. 
The lower the BPP of a particular laser the greater the depth of focus. The higher the 
beam quality (smaller spot size), the lower the value of BPP. Hugle [35] mentioned 
that in order to evaluate the laser¶s quality with different wavelength (fibres and 
diodes), BPP is used; whereas M2 is more used for lasers with the same wavelength. 
 
Figure 2.16-Effect of beam parameter product on the focused beam profile [34]. 
A comparison between CO2 and disk lasers indicated that the intensity distribution is 
different for two lasers because the M2 of these types of laser sources is different. 
Typical values of beam propagation output parameters measured at 3 kW after the 
laser beam has passed through the cutting head are shown in Table 2.2 [36, 37]. 
Table 2.2- - Showing the characteristics of CO2 and Disk laser beam utilized in [36, 37]. 
Laser source Cutting head M2 Focus radius Rayleigh length 
CO2 3UHFLWHF+3´ 1.36 76.123 µm 1.27 µm 
Disk High YAG BIMO FSC 14.30 76.171 µm 1.20 µm 
ܴܹ݈݁ܽ =  ܯ2 4ߣܨߨܦ  
ܹܫ݈݀݁ܽ = 4ߣܨߨܦ  
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As it is seen in Figure 2.17, the intensity profile of the CO2 laser approximately was 
a Gaussian distribution. The maximum power intensity of CO2 was 42.99 MW/cm2, 
about 175% of the one measured for disk laser valued as 24.67 MW/cm2 [36, 37]. 
 
Figure 2.17- Measured intensity distribution for (a) CO2 and (b) disk laser beam [36, 37]. 
The relationship between beam diameter and power density with BPP is indicated in 
Figure 2.18. With using the same optical set-up, an increase in the BPP by a factor of 
two results in an increase in the beam diameter by a factor of two. This corresponds 
to a reduction of power density by factor four. Hence, lasers with a lower BPP can be 
operated at lower powers to achieve the same power density [11]. 
 
Figure 2.18- Effect of beam parameter product (BPP) on beam diameter and power density [11].  
2.3 Fibre lasers 
Industrial users of laser technology have demanded laser systems with higher 
powers. Applications such as cutting, welding, piercing and drilling could be 
enhanced by the development of more powerful lasers with high beam quality, 
efficiency and stability. Several solid state laser structures have been developed such 
as rod, disk and fibre as shown in Figure 2.19. Fibre/disk lasers are designed to 
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minimise thermal distortion and provide light brightness beam. Both fibre/disk lasers 
have a 1.06µm wavelength [38].  
 
Figure 2.19- Schematic showing the solid state laser designs. (a) Side pumped rod laser, (b) thin 
disc laser and (c) fibre laser [38]. 
Likewise several kinds of fibre laser systems in terms of laser source have been 
developed: single emitter, modular and high power fibre lasers. Regarding optical 
fibres, single-clad and double-clad fibres have been used. 
2.3.1 Fibre laser systems 
A single emitter fibre laser, is established using an Ytterbium fibre laser system and 
has a wavelength from 1.06 µm to 1.08 µm, with power output up to 3 kW available 
by IPG laser company [39]. A single mode fibre has been reported to deliver a laser 
beam from a typical flash pumped Nd:YAG system for precision machining at peak 
power of 225 W [40].  
 
Figure 2.20 - Schematic showing a single emitter fibre laser machine.  
In modular fibre lasers, fibre lasers deliver their energy through an integrated flexible 
optical fibre that can be up to 200 meters long. Each module yields some part of the 
total power, and a beam combiner combines the outputs of the modules 
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(Figure 2.21). In contrast with single emitter lasers, the output fibres from the 
modular can be single or multiple. IPG photonics has developed the modular system 
up to 10 kW output power [41, 42]. For example the fibre laser cutting machine, 
which is used in this research, had five modules of 500 W and the maximum output 
power is 2000 W, with one module reserved as a backup.  
 
Figure 2.21- Multi mode (modular) fibre laser structure [42]. 
In contrast, in high power fibre laser systems a double cladding doped fibre (active 
fibre) and two groups of multimode high power laser diodes are used (Figure 2.22). 
Two groups of multimode pump diodes are coupled on the both side of an active 
fibre. A coil of the active fibre with two Bragg gratings form the laser medium. The 
Bragg gratings reflect particular wavelength of laser and transmit others.  [31, 43].  
 
Figure 2.22- Schematic structure of multimode fibre laser beam. 
A brief comparison between high power commercial lasers is given in Table 2.3.  
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Table 2.3- Comparison between high power commercial lasers [44]. 
 
2.3.2 Fibre laser benefits  
The main advantage of the fibre laser is that the quality of the beam is high (low 
BPP) and has a lower sensitivity against laser-induced plasma [45]. Low BPP results 
in high brightness, long depth of focus and long working distance when long focal 
length optics is used [34]. Other benefits can be identified as [42, 46, 47]:  
x High power output  
x Low cost  
x Flexibility in beam delivery  
x Acceptable life time  
x Multi-output potential  
x Beam shaping potential  
x Multipurpose machine potential  
2.4 Laser Cutting process  
In fibre laser cutting of metals, the focused laser beam on the surface of a workpiece 
makes a melting zone and, at the same time, a gas flow from the nozzle has an 
effective pressure area on the surface and removes the molten material from the 
cutting zone through the bottom of the kerf (Figure 2.23). Thus, when the laser beam 
or workpiece moves at a specified velocity, cutting happens.  
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Figure 2.23- Definition of laser cutting [48]. 
2.4.1 Kerf width 
The kerf is narrow cut groove that is produced during thorough cutting [2]. The 
width of kerf is the distance between the two kerf walls. In this case there are two 
kerf widths: upper and lower kerf width which are measured on the top and bottom 
surface of the sheet respectively.  
 
Figure 2.24- Showing typical kerf. Left: upper kerf, Right: lower kerf (focused beam diameter 
of 0.2 mm on the top surface, 1000 W, 6000 mm/min, 2 bar oxygen, 1.6 mm thick mild steel).  
The volume of kerf across the cut represents the volume of removed material. The 
kerf width depends on the focused spot size, laser power, cutting speed, assist gas 
and pressure and, to some extent, the laser wavelength [2, 6]. A combination of laser 
cutting parameters will produce a uniform narrow kerf width. Uslan [49] reported 
that in CO2 laser cutting, the kerf width significantly increases with increasing power 
but decreases with increasing cutting speed. Steen [50] explained that, overall, the 
upper and lower kerf width decreases with cutting speed and the upper kerf width is 
smaller than lower kerf width at low cutting speed range (see Figure 2.25).  
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Figure 2.25- Kerf width versus cutting speed in CO2 laser cutting [50]. 
Several published research reported that the kerf width in laser-oxygen cutting of 
mild steel is narrower than laser-nitrogen cutting [30, 51]. The main reason is that 
oxygen, as an active gas, reacts with the melt and releases additional energy to the 
melting zone, increasing the kerf width.  
 
Figure 2.26- The effect of assistant gas type and pressure on the kerf width [30]. 
A comparison between CO2 (10.06 µm) and fibre laser cutting (1.06 µm) of mild 
steel with using oxygen as an assist gas indicated that the kerf width in fibre laser 
cutting is wider than CO2 laser cutting. The difference in wavelength and the 
waveguiding effect of the oxidised melt (Fe + FeO), for fibre laser has been 
concluded as one of the possible reasons [52].  
2.4.2 Cut front geometry  
During laser cutting, laser beam irradiates the surface of the cut front and melts the 
material. Simultaneously, the melted material flows on the cut front downward the 
cut zone. It has been confirmed that the cut front inclines and kinks during laser 
cutting [22, 37, 53-61].  
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%\ IROORZLQJ 6WHHQ¶V arguments [50] that the beam is coupled to the plate more 
efficiently by less being lost through the cut kerf as the cutting speed is increased, 
Mahrle and Beyer [59, 60] used a model of the cut front at which the whole beam 
interacts with the inclined cut front as schematically shown in Figure 2.27. They 
calculated the cut front angle (inclination angle߮௜௡) as a function of top and bottom 
beam radiuses (்ݎ  andݎ஻) and the sheet thicknessሺݐ஼ሻ.  
 
Figure 2.27- Cut front inclination as a function of beam geometry and sheet thickness [59]. 
Powell et al. [22] theoretically and experimentally indicated that the cut front 
inclination is reflected to the cut edge; hence, from the angle of striation on the cut 
edge, they could estimate the cut front inclination. The striation showed that the cut 
front inclined with increasing cutting speed as illustrated schematically in 
Figure 2.28. They also found that in very high cutting speed the lower part of cut 
front is irradiated by the reflected beam.  
 
Figure 2.28- Cut front-laser beam interaction geometries at; (a) slow cutting speeds, (the cut 
front is and DOPRVWYHUWLFDOVWUDLJKWOLQHRIÀXFWXDWLQJSRVLWLRQEPRGHUDWHFXWWLQJspeeds 
(the cut front is straight line inclined at ࣂ), (c) higher cutting speeds (the cut front can be 
approximated to upper and lower lines inclined ࣂࢁ and ࣂࡸ ), and (d) very high cutting speeds WKHFXWIURQWEHFRPHVH[WHQGHGLQWKHGLUHFWLRQRIFXWWLQJDQGWKHUHÀHFWHGEHDPLQWHUDFWVPRUH
with the lower part of cut front) [22]. 
They also found that striation free can be obtained on the cut edge in fibre laser-
oxygen cutting of thin sheet at the specific range of cutting speed. They explained 
that at beyond this range the roughness increases. They theoretically and 
߮ܫ݊ = arctan ൬ ݐܥܶݎ + ݎܤ൰ 
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experimentally showed that in the case of striation free cut, the fine striation 
inclination is between 8º to 14º and the cut front inclination is 10.4º, which both are 
related to the Brewster angle and optimum fibre laser absorption. They also stated 
that there is correlation between low roughness and cut front inclination [22].  
Hirano and Fabbro in an experimental observation of the hydrodynamics of melt 
layer and striation generation, during disk (1.06 µm) laser cutting of steel using 
nitrogen, found that the melt flows in the regions of kerf sides, and the kerf front 
exhibits instability in different velocity range [53]. They used a high speed video 
camera to record the changes of melt layer, striation and cut front inclination with 
cutting velocity. The images of typical examples were recorded as shown in 
Figure 2.29 and Figure 2.30. As can be seen in both figures from a-c, when the 
cutting speed is increased the central melt flow and side region become more stable. 
Moreover, the cut front inclination increases with cutting speed.  
 
Figure 2.29- Observation result for different cutting velocities V. (a) V=1 m/min, (b) V=3 m/min, 
and (c) V=6 m/min [53]. 
 
Figure 2.30- Observation results of 2D melting experiments for different velocities V. 
(a) V=1 m/min, (b) V=2 m/min, and (c) V=3 m/min [53]. 
Scintilla et al. [37, 61] investigated experimentally the cut front geometry in the 
cutting of steel with disk (1.06 µm) and CO2 lasers (10.6 µm) using nitrogen. They 
found that the inclination of the cut front changes with increasing cutting speed in 
order to satisfy the higher energy requirement. The lower part of the cut front became 
curved or kinked, and extended in the cutting direction (Figure 2.31). It was reported 
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that the cut front, where it starts to curve, is inclined to angles close to the Brewster 
angle. 
 
Figure 2.31- Lower part of cut front become curved (CO2 laser, Vmax=1.2 m/min, 5mm 
thickness, focal point at 33% of thickness below the upper surface) [62].  
They reported that in laser cutting of a steel sheet with thickness of 5 mm when the 
focal position is located at 33% of thickness below the upper surface, for both laser 
source, with an increase in cutting velocity from 0.33 Vmax to Vmax, the slope of 
cut front slowly becomes flatter and close to 90º; however, the inclined angle of the 
cut front at the lower position decreases rapidly as shown in Figure 2.31. In this case, 
they found that the effect of focal position on the cut front geometry is not important.  
On the contrary, they realised that in a thicker plate (8 mm) the focal position has 
greater effect on the laser fusion cutting front geometry. In thicker plate and focal 
position of 33% of thickness, the cut front geometry behaviour is similar to 5mm 
thick sheet. However, as the focal position is located at 66% of the thickness below 
the upper surface, for both laser sources, the cut front geometry variation has an 
irregular trend. They stated that this behaviour could be related to the melt flow 
condition and not exclusively from the laser material interaction. A comparison 
between CO2 and disk showed similar cut front geometry (Figure 2.33). They stated 
that due to the realised similar cut front geometries of applied CO2 and disk laser 
beam, the assumption of similar thermal conditions on the cut front surface for both 
source is acceptable.  
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Figure 2.32- Cut front inclination as a function of cutting speed and laser source is shown for 
thickness of 5mm and focal position of -1.65mm. A) CO2 , B) Disk laser [37]. 
 
Figure 2.33- Comparison of cut front inclination between the experimental profile obtained at 
maximum cutting velocity and theoretical calculation as a function of focal position when 
thickness is 5mm. A) Focal position of -1.65mm, B) Focal position of -3.3mm [37]. 
2.4.3 Beam behaviour inside the cut zone 
In the published research, there is an ongoing debate about the behaviour of the 
1.06 µm laser beam (fibre/disk) in comparison with 10.6 µm laser (CO2).  
2¶1HLOOHWDO[6, 63] reported that due to the differences in absorption between the 
two wavelengths (1.06 µm and 10.6 µm), the beam with wavelength of 1.06 µm has 
a greater absorption than 10.6 µm laser beam. The beam with a wavelength of 
1.06 µm has a better spread inside the cutting zone due to a greater waveguiding 
through multiple reflection effect and thereby a greater proportion of the laser power 
is absorbed down the cut zone.  
Scintilla et al. [61] by an investigation on CO2 and disk laser cutting has concluded 
that the energy absorbed by the cut front from CO2 laser is used to increase the melt 
temperature causing a melt with lower viscosity. In contrast, when cutting with a disk 
laser, the absorbed energy is consumed to melt a larger volume of material with a 
lower average temperature and low viscosity. Scintilla in another research [37, 64] 
reported that due to multiple reflections of the CO2 laser beam within the cut zone, 
the lower part of the cut front significantly interact with reflected beam.  
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Wandera et al. [51] reported that when cutting a thick section metal, due to multiple 
reflections of the incident laser beam in the cut zone, and thus increased absorption 
of the laser beam at lower part of cut zone, an increased erosion can be observed on 
the lower part of the kerf walls.  
Said [52] compared CO2 and fibre lasers in terms of kerf width when laser-oxygen 
cutting thin sectioned mild steel sheets. It was reported that the kerf width for fibre 
laser was larger than for CO2 laser. Waveguiding effect of fibre laser in the melting 
zone (Fe + FeO) was concluded as one of the possible reasons for larger kerf width.  
Petring et al. [58] simulated the cutting front by means of CALCut software. Using 
the simulation of cutting front, taking multiple reflections into account and referring 
to the results of other authors, they could explain some laser cutting phenomena such 
as wavelength influence on laser-material interaction, wavelength effect on energy 
redistribution within the kerf, the effect of wavelength on kerf width and why the 
bottom of the cut surface is rougher than the top (Figure 2.34).  
 
Figure 2.34- Laser cutting simulation of the cutting front with CALCut [58]. 
2.4.4 Depth of cut  
Depth of cut in laser cutting refers to the maximum sheet thickness that can be cut 
with using an employed laser cutting condition. In commercial laser cutting, 
maximum depths of cut around 12-15 mm in mild steel with 2 kW lasers are 
achievable [4]. In an experimental research, a 4mm-thick aluminium was cut using 
5 kW fibre laser and maximum cutting speed of 10.2 m/min. In this case, it means 
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that 4 mm-thick aluminium is a maximum depth of cut for laser cutting condition of 
5 kW and 10.2 m/min. With the same power, a stainless steel sheet with 10mm 
thickness was cut at maximum cutting speed of 1.5 m/min. High pressure nitrogen 
was used as the assist gas [65].  
It has been reported that fibre laser with 4 kW and cutting speed of about 1.2 m/min 
cut 20 mm-thick mild steel, while CO2 laser cut the same thickness with 5 kW and 
cutting speed of about 0.7 m/min. This comparison indicates that fibre laser would be 
more efficient than CO2 laser. However there was a difficulty when attempting to cut 
thicker mild steel plate with fibre laser and kerf width was considerably larger than 
CO2 [6].  
2¶1HLOOHWDO[4], from a study on the Lasox (laser-oxygen) cutting process, reported 
that mild steel sheets with thickness up to 50 mm can be cut, in the first instance, 
with power levels less than 2 kW, gas pressure of 8 bar, and 3 mm stand-off distance 
whilst maintaining excellent cut quality. 
Ermolaev et al. [66] reported that with using specific hybrid laser-assisted oxygen 
cutting with assistance of CO2 laser, they could cut mild steel sheets with thickness 
of 30 mm (16 bar oxygen, 1.2-2.5 kW power and a supersonic nozzle); and they 
concluded that it can be developed to 50 mm. 
2.4.5 Cut edge quality  
The characteristics of cut edge can be categorised as dross attachment, striation 
pattern and perpendicularity. Different combination of laser cutting parameters such 
as power, cutting speed, gas type and pressure will change the features of cut edge 
for a specified laser source, optic system and workpiece [1, 2, 45].  
2.4.5.1 Dross attachment  
At the lower cut edge dross can be observed. It is a part of melt that has not been 
completely removed from the lower cut zone by pressure of assist gas and then 
resolidifies and remains at the lower cut edge [2]. The formation of dross is closely 
related to the melt properties and geometrical shape of lower cutting front.[67]. 
Overall, melt with high viscosity and high surface tension is difficult to remove from 
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the cutting zone by assist gas resulting dross attachment. Low gas pressure also 
increases the possibility of adherent dross. Wandera [45] reported a dross attachment 
on the lower cut edge of 10 mm stainless steel when cutting with 4 kW Ytterbium 
fibre laser, 16 bar nitrogen, 1.0 m/min cutting speed, 254 mm focal length and focal 
point position at the middle of thickness. It was also reported that the volume of 
adherent dross when laser cutting 15 mm mild steel with 3 kW and 1 bar oxygen, 
increases with increasing cutting speed [45]. In fibre laser cutting of thin section mild 
steel sheet using 2 bar oxygen pressure and 1 kW power, there was not any dross 
attachment [52]. 
2.4.5.2 Cut edge surface roughness  
Overall, on the cut edge a series of irregular/regular striation can be observed as 
shown in Figure 2.35.  
 
Figure 2.35- Striation pattern, A) 15mm mild steel, 4 kW power, 18 bar oxygen, 0.8 m/min 
cutting speed, 190.5 mm focal length, focal position 4 mm above top surface. B) 10 mm stainless 
steel, 4 kW power, 4bar nitrogen, 1.0 m/min cutting speed, 190.5 mm focal length, focal position 
8 mm below the top surface [45]. 
The features of the cut surface are affected by the dynamical behaviour of the laser 
cutting process. The shape of the cutting front and melt flow mechanism affect the 
formation of striations on the cut surface [22, 67]. Wandera et al. [65] reported that a 
smooth cut surface (Rz = 40 µm) with a regular striation pattern on 10 mm stainless 
steel was achieved using 4 kW power, 1 m/min cutting speed and 20 bar nitrogen 
pressure while when the gas pressure decreased to 4 bar the roughness (Rz) increased 
to 120 µm. Overall for stainless steel the cut edge was rough and drossy when cutting 
with lower speeds; but a cleaner cut edge was obtained with higher speeds about 20-
33% below maximum cutting speed. For aluminium the overall cut surface showed a 
regular striation pattern but was drossy as if with using lower cutting speed the 
striation were more spaced but at higher speeds it was finer. They also found that 
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focal point position influenced the cut surface. As the thickness of the sheet 
decreased (e.g. 2 mm) the striation became clear and regular from top to the bottom 
of the cut surface [1]. In fibre laser cutting of thin section mild steel, using 2 bar 
oxygen, power range of 1 to 2 kW and cutting speed range of 2000-7000 mm/min, a 
maximum roughness of Ra = 3 µm at lower speed has been reported. An explanation 
of striation free has been also reported when using a specific combination of laser 
cutting parameters (i.e. 2 mm-thick, 5500 mm/min, 1000 W) [22]. The surface 
roughness for the upper part of cut edge is less than that for lower part [45, 52].  
According to SFS-EN ISO 9013:2002 [68], the surface roughness of Rz (mean height 
of the profile) has four levels of classification providing the standard for surface 
roughness of the thermal cut edge as shown in Figure 2.36. Level 1 represents the 
lowest Rz which gives the best cut edge surface quality (smoother surface). Further 
detail for Rz is given in page 81.  
 
Figure 2.36- Mean height of the profile (Rz) as a function of cut thickness [68]. 
2.4.5.3 Cut edge perpendicularity  
In laser cutting the, depending on the cutting conditions, the lower kerf width is 
different from the upper kerf width (§ 2.4.1) [50]. This causes that the cut edge is not 
perfectly perpendicular as shown in Figure 2.37. The deviation of the cut edge 
perpendicularity, u, is the biggest perpendicular distance between the actual cut edge 
and the intended surface. According to SFS-EN ISO 9013:2002 [68], the standard for 
perpendicularity tolerance has five levels and the smallest tolerance is presented by 
level 1 (Figure 2.38).  
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Figure 2.37- Deviation of perpendicalarity (u) of a vertical cut; a is the workpiece thickness and  ?ࢇ is the thickness reduction for determination of perpendicularity tolerance [68].  
 
Figure 2.38- Perpendicularity tolerance (u) as a function of cut thickness [68]. 
2.4.6 Energy losses 
In laser cutting not all incident laser power is absorbed by workpiece and always 
there are some laser energy losses. During laser cutting when the laser beam exposes 
the upper surface of workpiece, most penetrates into the workpiece through the cut 
kerf (or hole) while some is reflected from the unmelted surface. The primary energy 
losses through the cut kerf comprise of [69]: 
1) Directly transmitted laser power 
2) Internally and externally reflected laser beam  
Evaluation of primary energy losses during cutting is of utmost significance for 
energy balance considerations in laser cutting. The absorption value of laser power 
by workpiece is dependent on the laser beam intensity distribution, the Fresnel 
absorption coefficient and the incidence angle of laser beam [64].  
One of the well-known techniques to experimentally evaluate the transmitted and 
reflected energy losses during laser cutting is by collecting them within PMMA (poly 
methyl meth acrylate) blocks placed under the sheet being cut [1] as shown in 
 30 
 
Figure 2.39. Experimental studies revealed that in the case of disk/fibre laser cutting, 
the values of primary energy losses are lower than those in the CO2 laser cutting with 
respect to the same values of relative cutting speed [36].  
 
Figure 2.39- Schematic diagram of the power contributions and energy losses collecting [36]. 
The power balance can be written in its general form as follows: 
 ௅ܲ ൌ ிܲ஼ ൅ ௅ܲ௢௦௦ଵ ൅ ௅ܲ௢௦௦ଶ 2.7 
PL is the overall incoming laser power which is supplied to the cutting zone. PFC is 
the power consumed by cutting process itself. PLoss1 and PLoss2 represent primary and 
secondary power losses respectively. The PFC is the summation of three energies that 
is expressed as follows [70]: 
 ிܲ஼ ൌ ்ܲ௉ ൅ ௠ܲ ൅ ௩ܲ 2.8 
PTP is the energy that is required to heat the volume of material in cutting zone. Pm is 
the energy that is needed to melt the volume of cutting zone material and eventually 
Pv is the energy consumed in vaporization of molten material. PLoss1 (primary energy 
losses) has been described as follows [64, 69, 71] : 
 ௅ܲ௢௦௦ଵ ൌ ்ܲோ஺ேௌ ൅ ோܲாி௅ா 2.9 
 ௅ܲ௢௦௦ଶ ൌ ஼ܲைே஽ ൅ ஼ܲைே௏ ൅ ோܲ஺஽ 2.10 
PTRANS is that part of incoming energy to the cutting zone which directly leaves the 
cut zone through the bottom of kerf (hole) with no effective interaction with cut 
front. PREFLE is the energy which is reflected internally and externally by cut front 
surface. Secondary energy losses (PLoss2) are those energies which leave the cut front 
by thermal transformation mechanisms such as conduction, radiation and convection. 
The portion of conduction in secondary energy losses is higher than radiation and 
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convection [64]. Scintilla et al. [71] in an investigation on the power balance 
equation in laser cutting using disk (1.06 µm) and CO2 (10.6 µm) laser, found that 
the maximum cutting speeds for disk laser were three times higher when cutting 
1 mm-thick sheet in comparison with CO2. However for 5 mm and 8 mm thick 
sheets, cutting speeds were of comparable order. Lower process temperatures were 
found for disk laser cuts increasing the melt viscosity. Therefore melt ejection was 
difficult and subsequently a worse cut quality was left behind when cutting with disk. 
They eventually concluded that plasma formation should be considered in the overall 
power balance and power loss. 
2.5 Laser cutting machine parameters 
2.5.1 Cutting head parameters 
The cutting head delivers both laser beam and assist gas to the cutting zone; so it 
includes two main systems: optical and gas delivering systems. The laser beam 
leaves the fibre at a specified angle and it is then collimated by a collimation unit and 
subsequently focused on the surface of sheet using a focusing lens. Assist gas is 
connected from the piping system to the cutting head using gas connections. It is then 
led through a cone and nozzle to the cutting zone. (Figure 2.40).  
 
Figure 2.40- YK52 cutting head components as used in this research [72]. 
2.5.1.1 Focusing the laser beam 
The diameter of the focal point (focused beam diameter), W0, can directly affect the 
kerf width [10]. Meng et al. [73] reported that in laser cutting of 0.11 mm-thick 
stainless steel plate, using a fibre beam with focused spot size of 0.012 mm and 
power of 9 W, the kerf width was 0.026 mm. Wandera et al. [51] obtained a kerf 
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width of 1 mm when a fibre laser with focused spot size of 0.3 mm and power of 
5 kW was used to cut stainless steel. The smallest focused beam diameter on the 
sheet surface is when the focal point is positioned on the sheet surface. In case of out 
of focus conditions, the diameter of beam projected on the surface becomes larger. 
The smallest beam diameter that can be obtained with a particular laser system is 
dependent on the optical set-up and the BPP of a laser beam. This is given by 
equation 2.11 [2].  
 ଴ܹ ൌ  ?ܨ௙௢௖ܦ  ? ܤܲ  ܲ 2.11 
And equation 2.12 [35]. 
 ଴ܹ ൌ  ?ߣܨ௙௢௖ߨܦ  ? ܯଶ 2.12 
Where the Ffoc is focal length and D is raw beam diameter on the focusing lens 
(Figure 2.42). Since the kerf width is correlated with the focused beam size at the 
surface of the plate, and also the focused beam size on the surface is proportional to 
the focal position, then the kerf width is related to the focal position as shown in 
Figure 2.41.  
 
Figure 2.41- Kerf widths for varying focal positions compared to the theoretical laser beam 
diameter (2.2kW, fibre laser, 6mm thick stainless steel, nitrogen) [10].  
The magnification of an optical system as the key parameter for describing the 
optical system, usually results from focusing and collimation focal lengths as given 
by equation 2.13 [74]:  
 ܯܽ݃ ൌܨ௙௢௖ܨ௖௢௟  2.13 
In theory the focused beam diameter can be defined as a product of magnification 
and fibre diameter by equation 2.14:  
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 ଴ܹ ൌܨ௙௢௖ܨ௖௢௟  ? ܦ௙ 2.14 
The Rayleigh length is the measure of the depth of focus; it can be defined as a 
distance from the focal point to a point where the cross sectional area of the beam is 
twice that at the focal point (Figure 2.42).  
 
Figure 2.42- Showing a geometrical definition of focusing system. Left: focusing of laser beam. 
Right: geometrical definition of Rayleigh length. 
As the laser beam goes through the optical system, it is absorbed in the focussing 
OHQV 7KLV FDXVHV WKH RSWLFDO HOHPHQW¶V WHPSHUDWXUH WR LQFUHDVH MXVW -10 degrees 
Kelvin. The refractive index of the lens material depends on the lens temperature. 
Moreover, laser beam radial distribution and additional lens deformation are 
considerable. As a consequence, a change in refractive index and focus point position 
happens. Thermal load can be induced on a small dimension optic by a high power 
density laser, which in some cases can lead to focus shift [75]. The focus shift 
strongly depends on the optical system magnification and it is proportional to the 
magnification squared. This means that the higher the magnification of the 
processing head, the smaller the fibre to be focused on the workpiece with a larger 
focus, the larger the focus shift [74]. To find more detail, see section 2.9. 
2.5.1.2 Focal position  
The maximum power intensity of the laser beam can be achieved at the focal point 
[76]. It means that in order to get the optimum cutting results, the focal point must be 
placed somewhere close to the surfaces of sheet. The focal position can be placed on 
the upper surface, below the upper surface (somewhere in the thickness) or at the 
ܣ0 = ߨ 0ܹ2 ܣܴ = ߨ ܴܹ2 ܣܴ = 2ܣ0 ՜ ܴܹ =  ?2 0ܹ 
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lower surface of workpiece, and this can affect the cut quality, cutting speed and the 
kerf width [2]. It has been reported that in fibre laser cutting of stainless steel, the cut 
surface roughness and dross attachment decrease when focal position was located 
inside the workpiece [77]. However, the movement of the focus inside the sheet 
dramatically reduces the cutting speed [78] (referred by Seefeld et al. [6]). The focal 
position cannot be placed too far from the upper or lower surfaces of workpiece 
because the interaction area increases to some point where the power intensity is not 
enough to melt and continue a through cut [2]. The maximum cutting speed in CO2 
laser-oxygen cutting of steel sheet was achieved when the focal position was located 
at the top surface for thin sheets, or about one third of the plate thickness below the 
upper surface for thick plates [45]. In nitrogen laser cutting of steel the focal position 
should be inside the sheet close to the lower surface of sheet (defocused focal 
position) as long as the power intensity at the upper surface of plate is sufficient to 
obtain complete penetration of the workpiece [77]. In this case, the kerf width 
becomes wider and, hence, a greater proportion of the assist gas flow can penetrate 
the kerf to eject the molten material through the bottom of the kerf [79]. Figure 2.43 
schematically shows the effect of focus position on the cutting quality [80]. In this 
work, the focal position is on the surface of workpiece. 
 
Figure 2.43- Focus position and quality of cut [80]. 
2.5.1.3 Nozzle diameter  
The nozzle must be coaxial with the laser beam so that the beam and gas jet cut 
equally well in all directions. The shape of the nozzle must give optimum gas flow at 
the cut zone. The diameter of nozzle (Figure 2.44) is between 0.8-3 mm related to the 
material and thickness. A nozzle with too larger orifice will provide insufficient gas 
flow into the cutting zone to remove molten material. In contrast, a very small orifice 
will cause difficulty in beam-nozzle alignment and increase the risk of nozzle 
burning by defocused beam; all resulting in a rough cut edge [2]. In fibre laser 
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cutting of 10 mm-thick stainless steel plate, with 4 kW power and 18 bar nitrogen, 
the rate of melt removal from the kerf width and subsequently the cut edge quality 
increased with increasing nozzle diameter from 1 mm to 2.5 mm [81]. Duan et al. 
[82] reported that increase in pressure, nozzle orifice and overlap of the nozzle with 
the cut kerf, improved the gas flow field inside the kerf and enhanced efficient melt 
removal.  
Supersonic and subsonic (conical) nozzle tips are two different nozzles that have 
been employed in laser cutting to achieve different gas flow behaviour in the cutting 
zone. Overall supersonic nozzle tip performed more uniform gas flow distribution 
inside the kerf than conical nozzles [83, 84]. In this work, the conical nozzle is used.  
2.5.1.4 Stand-off distance  
The distance between the nozzle and sheet (Figure 2.44) is the stand-off distance and 
can influence turbulence, cut quality and cutting speed. It is usually in the same 
range as the nozzle diameter between 0.5-1.5 mm [2]. A sufficient stand-off distance 
will stabilise the pressure on the sheet surface to minimise turbulence in the melt 
zone providing stable cutting condition [1]. A very short stand-off distance will 
increase the risk of nozzle burning from the spatter. It has been reported that in fibre 
laser cutting of thick stainless steel plate, with 4 kW power and high pressure 
nitrogen, there is no significant effect on the melt removal from the kerf with 
increasing stand-off distance from 0.5 to 1.2 mm [81].  
Man et al. [84] studied the gas jet patterns inside the cut kerf using supersonic and 
subsonic (conical) nozzle tips. They reported that for the conical nozzle tip, the gas 
flow behaviour radically expanded and an increase in the stand-off distance 
worsened the behaviour of the gas jet inside the kerf. In contrast, in supersonic 
nozzle tip, the gas flow distribution was uniform and the behaviour of the gas jet 
inside the kerf was independent of the variations in stand-off distance.  
 
Figure 2.44- Nozzle diameter and stand-off distance [31]. 
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2.5.1.5 Beam alignment  
One of the most important considerations in order to achieve good cut quality is the 
alignment of laser beam with respect to the nozzle axis [1]. If the effective pressure 
axis of gas flow is off centre with respect to the centre of laser beam, the pressure of 
gas pushes the melt to the one side of the cutting zone, making a disorderly melt 
removal; and this can cause poor cut quality as shown in Figure 2.45 and 
Figure 2.46. The effect of misalignment on quality in laser-oxygen cutting of mild 
steel is more considerable because the viscosity of melt in oxygen laser cutting of 
mild steel is low [1]. More misalignment can damage the nozzle, as in the case of the 
author in the first laser cutting experiment (Figure 2.47). 
 
Figure 2.45- Alignment and misalignment of laser beam and nozzle (drawn by author). 
 
Figure 2.46- Showing a poor quality cut edge obtained when there was a nozzle-beam 
misalignment [1]. 
 
Figure 2.47- Showing 1 mm nozzle damaged by misaligned laser beam. A) Outside of the tip, 
B) Inside. Focused beam size was 0.2 mm. 
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2.5.2 Assist gas and pressure  
In normal laser cutting an assist gas is employed to remove the molten material 
through the bottom of the kerf. Inert and active assist gases can be used based on the 
workpiece material. Nitrogen, argon, oxygen and air are the most well-known gases 
in laser cutting. Stainless steel and aluminium is often cut using an inert assist gas 
(e.g. nitrogen) to achieve a clean unoxidized cut edge which do not need any 
operation for oxidized surface removing [50]. In reactive fusion cutting, oxygen is 
often used as an active assist gas which is capable to react exothermically with the 
molten material releasing additional heat to the cutting zone [1]. It was reported that 
in CO2 laser cutting of 3mm-thick mild steel the cut edge quality significantly 
increases by using high pressure of inert gas (12 bar). In contrast, high pressure of air 
and oxygen resulted in poor cut quality [85]. The cutting speed is changed when 
using different gas and pressure as shown in Table 2.4. 
Table 2.4- The effect of gas pressure on the maximum cutting speed (mm/s) with a laser power 
of 1.5 kW [85]. 
 2 bar 4 bar 6 bar 10 bar 
Oxygen 52.5 ± 2.5 57.5 ± 2.5 60.5 ± 2.5 110 ± 2.5 
Nitrogen 17.5 ± 2.5 17.5 ± 2.5 17.5 ± 2.5 22.5 ± 2.5 
Argon 17.5 ± 2.5 17.5 ± 2.5 17.5 ± 2.5 27.5 ± 2.5 
Air 22.5 ± 2.5 27.5 ± 2.5 37.5 ± 2.5 - 
Baumeister et al. [46] reported that in fibre laser micro-cutting of stainless steel 
sheets using 10 bar assist gas pressure, a high processing rate and lower kerf width 
was achieved using oxygen in comparison with nitrogen. Golnabi et al. [86] found 
that in CO2 laser cutting, for an optimum condition when cutting mild steel with 
oxygen, a lower gas pressure is required (i.e. 1-2 bar); but for stainless steel the gas 
pressure increases to 4-6 bar. Ghany et al. [30] reported in Nd:YAG laser cutting of 
zinc-coated steel the cut surface using oxygen was rougher than nitrogen, and there 
was no obvious correlation between gas pressure and surface roughness.  
2.5.3 Cutting speed  
In order to make a successful cut with a good quality, the cutting speed must be 
balance with power and gas flow rate [1]. In published researches, it has been 
reported that many parameters influence the cutting speed: laser wavelength, focal 
point position, power, gas type, gas pressure, material of workpiece and thickness. A 
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comparison between fibre (1.06 µm) and CO2 lasers (10.6µm) in terms of power 
versus cutting speed for different material has been reported in [51] indicating that 
for the same cutting speeds, power will be changed when using a different laser 
source and different material as shown in Figure 2.48.  
 
Figure 2.48- laser power versus cutting speed for different laser source and material [51]. 
Overall, cutting speed decreases with increasing sheet thickness [1, 2]. This is 
because, as the thickness is increased, the interaction time between laser and material 
must be increased for a complete laser penetration; so the cutting speed should be 
decreased. Cutting speed when using active gas (e.g. oxygen) is higher than inactive 
gas (e.g. nitrogen) and also it increases as the gas pressure increases (Figure 2.48) 
[85]. 
Regarding the effect of material, mild steel can be cut at higher cutting speeds range 
in comparison with stainless steel [86]. Figure 2.49 indicates the effect of material 
and thickness on the cutting speed for stainless steel and aluminium [65].  
 
Figure 2.49- Maximum cutting speed with the corresponding required laser power (fibre laser, 
nitrogen, 14 bar for aluminium and 19 bar for stainless steel) [65]. 
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In fibre laser cutting of stainless steel, the movement of the focus point inside the 
plate thickness close to the lower surface of sheet, dramatically reduces the cutting 
speed [78].  
Cutting speed can influence the surface roughness. In fibre laser-oxygen cutting of 
mild steel, the roughness at the top and bottom of the cut edge roughness reduces to 
the lowest value at moderate cutting speeds (e.g. 5500 mm/min) which is called 
striation free. However, from this threshold on and with increase in the cutting speed 
(e.g. 6500 mm/min), the roughness from the bottom of cut edge increases [22].  
Ghany et al. [30] reported in Nd:YAG laser cutting of zinc-coated steel for all 
employed gases (i.e. oxygen, nitrogen and air) the kerf width decreased with an 
increase in the cutting speed.  
2.6 Laser-oxygen cutting process  
Due to the exothermal oxidation reaction between molten iron and oxygen in the 
melting zone, substantial proportion of energy is added to the cutting zone enhancing 
the cutting process [9]. 
 ܨ݁ ൅  ? ?ܱଶ ՜ ܨܱ݁ ൅  ? ? ?൜ ݇ܬ݉݋݈ൠ 2.15 
The presence of FeO in the melting zone (Figure 2.50) has been proved [9, 87]. 
Studies on the oxidation dynamics of CO2 laser cutting of mild steel showed that the 
oxidation reaction affects kerf width, depth of cut, cutting speed and generation of 
striations on the cut edge [88, 89].  
 
Figure 2.50- Brittle oxide layer on the cut edge [9].  
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Miyamoto et al. [89] found that the presence of FeO in the melt decreases the 
viscosity of melt as shown in Figure 2.51. Oxygen pressure, oxygen purity and any 
change in the viscosity of melt are the most reasonable sources of primary generation 
of striations [8, 88]. Ivarson et al. [8] realised that in CO2 laser cutting of mild steel 
the cutting speed increases with increasing oxygen purity (Figure 2.52).  
 
Figure 2.51- The relationship between viscosity and temperature [89].  
 
Figure 2.52- Cutting speed as a function of oxygen purity (CO2, 400 W, 0.35 MPa, 2 mm thick 
mild steel) [8]. 
In an experimental research on the fibre laser cutting of thin section mild steel with 
2 bar oxygen, it was stated that the kerf width was 1.3 to 3.25 times wider than the 
spot size (i.e. 0.2 mm) for different thicknesses and cutting parameters as shown in 
Figure 2.53. As can be seen overall, the ratio of kerf width to spot size (K/S) 
increases with power and cutting speed. The highest K/S was achieved when cutting 
2 mm using 1500 W and 6500 mm/min. It was concluded that the waveguiding effect 
of FeO on the fibre laser is the reason of kerf widening as compared with CO2 laser 
cutting. Regarding surface roughness, the maximum roughness was 3 µm and 
striation free (0.25 µm surface roughness) was achieved for 2 mm-thick at cutting 
speed of 5500 mm/min (Figure 2.54). All cut edges were free of dross [22, 52]. 
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Figure 2.53- Kerf width per spot size versus different power for various thickness of mild steel 
sheet in fibre laser-oxygen cutting [52].  
 
Figure 2.54- Surface roughness graph (left) and striation free on the cut edge (right), (2bar 
oxygen, 1000 W, 5500 mm/min) [22, 52].  
In pulsed fibre laser cutting of thin section stainless steel (i.e. 0.11 mm) using 3 bar 
oxygen and spot size of 0.012 mm on the surface of sheet, the ratio of kerf width to 
spot size (K/S) was in the range of 1.5 to 2.21 for different cutting parameters as 
shown in Appendixes Table 10.1. As it can be seen the ratio of K/S generally 
increases with increasing power [73].  
 
Baumeister et al. [46] reported that in fibre laser cutting of 0.1-0.3 mm stainless steel 
with 10 bar oxygen pressure, spot size of 0.02 mm, power range of 9-84 W, cutting 
speeds of 20 and 50 mm/sec, the ratio of kerf width to spot size was in the range of 
0.9-3.25 as illustrated in Appendixes  
 
Table 10.2. As can be seen, the ratio of K/S overall increases with power. The sheet 
thickness did not significantly affect the K/S, though the highest ratio of K/S (i.e. 
3.25 with power of 84 W) was achieved in thickness of 0.1 mm and the lowest one 
(0.9 with power of 16 W) is seen in thickness of 0.3 mm.  
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With using a different gas type (i.e. oxygen, nitrogen and air) in the fibre laser 
cutting of 1 mm-thick mild steel sheet coated by zinc and with two types of wave 
shapes (CW and pulsed), it was found that with the same power, oxygen has the 
highest ratio of K/S and followed by air and nitrogen as indicated in Appendixes 
Table 10.3. At the constant power, the ratio of K/S decreased with increasing cutting 
speed. The ratio of K/S for CW generally was larger than that for pulsed laser. 
Regular striation formation in laser-oxygen cutting of mild steel is independent of 
cutting speed. However; at low cutting speed, oxidation burning can generate large, 
rough striation [89]. The cut surface roughness can be due to the table vibration, 
fluctuations of laser power and natural striation [89]. If all cutting parameters 
including gas pressure, power and beam alignment are appropriate, the effect of 
cutting speed on the surface roughness is significant [90].  
Powell et al. [22] found that at the lower cutting speeds the cut front is almost 
vertical and laser beam has a small interaction area with cut front. In this case, laser-
cut front interaction consists of cycle burning reaction. Thus, the melt temperature is 
low and viscosity is high; hence, a rough cut edge will be left behind as the melt 
flows down the kerf. In intermediate speeds (e.g. 5500 mm/min), the cut front is 
curved; hence the area of laser-cut front interaction increases. The melt temperature 
and melt thickness increases but viscosity decreases; thus, melt flow happens with 
lowest turbulence. Combination of these phenomena will decrease cut edge 
roughness. At higher range of speeds, the melt acceleration and turbulence increases, 
hence the rough cut edge is produced.  
Regarding the HAZ, it increases from the top to the bottom of kerf [52]. Any 
increase in cutting speed can decrease the HAZ in the top of kerf (with exceptions 
only near the maximum speed). The HAZ in the bottom increases with increase in 
cutting speed. While gas pressure increases, the HAZ decreases. Any increase in 
amount of carbon in the steel can increase the HAZ. It has been reported that the 
HAZ approximately remains constant with any change in the power [91]. Another 
reference states that any increase in power increases the HAZ and any increase in 
cutting speed and oxygen gas pressure decrease the HAZ [92]. 
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Powell et al. [9] has concluded 12 guidelines in laser-oxygen cutting for future 
theoretical models that are quoted in this section as below:  
³ 
Guideline 1: During the laser±oxygen cutting of mild steel the oxidation reaction of 
iron to FeO supplies a considerable amount of energy to the cutting process. 
Guideline 2: The iron melted during cutting is not all oxidized before it leaves the 
cut zone. The melt leaving the cut is therefore an Fe/FeO mixture. 
Guideline 3: The Fe/FeO mixture expelled from the cut zone has a considerably 
lower viscosity than molten iron. 
Guideline 4: FeO does not boil²it does not have a gas phase. If any of the melt in 
the cut zone is heated to sufficiently high temperatures the FeO will dissociate into 
oxygen and iron or it will not form in the first place. If this happens the energy from 
WKHµR[LGDWLRQUHDFWLRQ¶RIWKHPDWHULDOLQTXHVWLRQZLOO not be available as an energy 
input to the cut zone. 
Guideline 5: The thermal energy provided to the cutting process by the oxidation 
reaction is approximately 250 kJ molѸ1. 
Guideline 6: The boiling point of mild steel can be taken as being approximately 
3000K and its melting point is approximately 1800 K. 
Guideline 7: At very low speeds most of the laser energy does not interact with the 
cut front and temperatures within the cut zone will be of the order of 1900 K. 
Guideline 8: For lasers cutting mild steel with oxygen assist at moderate or high 
speeds, the cut front temperature will rise as a function of the cutting speed. 
Guideline 9: During laser±oxygen cutting of mild steel, the laser beam irradiates the 
whole of the cut front and the surface temperature of the melt increases towards the 
bottom of the cut front as a result of increased laser±melt interaction time. 
Guideline 10: Standard, commercial laser±oxygen cutting of mild steel does not 
involve boiling or oxide dissociation. 
Guideline 11: High intensity laser±oxygen cutting could involve sub-surface boiling 
of iron-rich melt under a layer of molten FeO (sub-surface boiling increases 
turbulence but does not create a recoil pressure). 
Guideline 12: If the energy density of the focused laser is too high, the laser±oxygen 
cutting process for mild steel may become disrupted. This may result in reductions in 
cut quality and cutting speeds. 
´ 
2.7 Laser-nitrogen cutting process  
In laser cutting of steel using an inactive assist gas like nitrogen, a high power laser 
beam is applied to melt the kerf volume and a high pressure of gas is essential to 
remove molten material. Nitrogen, itself, does not react with melt compared to 
oxygen so the role of nitrogen is just to push the molten material out of the kerf [1, 
2]. The features of the cut edge produced by nitrogen cutting are different from that 
of oxygen cutting. In laser-nitrogen cutting there is a noticeable point on the cut edge 
which is called Boundary Layer Separation (BLS) point. The BLS point is located on 
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the cutting front at which the velocity of melt decreases and thickness of melt 
increases [81]. This point which shown in Figure 2.55 may be located at any depth 
on the cut edge depending on the assist gas condition [10]. Overall, an irregular 
striation pattern below the BLS is indicative of an insufficient melt removal 
condition. The depth of the BLS point on the cut edge depends on cutting speed, 
focal position and nozzle diameter. In general, the location of BLS point moves 
down with increasing gas pressure and cutting speed [10, 81].  
The nozzle has a significant effect on the BLS point location because it determines 
the mass flow rate of assist gas into the kerf, which influences the force to push the 
melt down the kerf. Wandera et al. [81] has stated that in laser cutting of 10 mm 
thick stainless steel (4 kW, 1.0 m/min, 18 bar nitrogen, 8 mm focal point position 
below top surface) the location of BLS moves down the kerf with increasing nozzle 
diameter, resulting in a cut edge with better quality. In contrast, Sparkes et al. [10] 
has reported that with a reduction of nozzle diameter from 2.5 mm to 1.5 mm, at 
lower range of cutting speeds (i.e. 15 mm/s) for lower pressure (i.e. 1.6 MPa), the 
BLS was located at the lower part of cut edge. Wandera stated that the stand-off 
distance did not significantly affect the BLS [81]. When the focal point is on the 
surface of sheet, a narrow cut kerf is produced, resulting in reduced melt removal 
rate; hence, BLS point occurs near the top surface of cut edge. When the focal point 
is located close to bottom surface of sheet, the beam spot size on the surface of sheet 
is defocused, then the kerf width becomes wider; which results in better melt 
removal and clean cut edge [10, 81]. In this case the power must be sufficient to 
produce complete penetration of workpiece. As the focal point position was changed 
away from zero (top surface of sheet) in either the positive or negative direction, the 
BLS location moved down on the cut edge [10].  
 
Figure 2.55- Boundary layer separation point (BLS) in 10 mm stainless steel (4 kW, 4 bar 
nitrogen, 1.0 mm/min cutting speed, 190.5 mm focal length, focal point position 8 mm below 
upper surface) [45]. 
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Overall, kerf for nitrogen laser cutting is narrower than that for oxygen cutting. In the 
results from Ghany et al. [30] (Table 10.3 in Appendix), it is seen that when using 
nitrogen, the kerf width decreases as compared to oxygen and the percentage of 
reduction is 5% to 17.4% (in CW mode). 
Baumeister et al. [46] reported that in fibre laser cutting of stainless steel using 
10 bar nitrogen pressure, the ratio of kerf width to spot size (K/S) was in the range of 
1.25-3.55 as shown in Appendix Table 10.4. As it is seen, overall, the kerf width 
increases with power. Comparing Table 10.2 and Table 10.4 (see Appendix), 
obtained from a same reference, the range of K/S for oxygen is 0.9-3.25 whilst it is 
1.25-3.55 for nitrogen disregarding cutting parameters and thicknesses. This 
comparison shows that in this case, oxygen has produced narrower kerf width; which 
is in contrast with other references.  
The results of Sparkes et al. [10] indicates that the kerf width showed a strong 
correlation with the theoretical beam diameter, while it was larger than the beam 
diameter. They concluded that widening of kerf beyond beam diameter was because 
of the increase in the melt volume as a result of heat conduction. They compared 
fibre laser (1.06 µm) with CO2 laser (10.6 µm), in nitrogen cutting of 6 mm-thick 
stainless steel, and found that with the same power (i.e. 2.2 kW) fibre provides 
greater cutting speeds (e.g. 1.5 m/min for fibre 1 mm/min for CO2) which is most 
likely associated with a higher absorption for the shorter wavelength.  
2.8 Laser piercing  
2.8.1 Definition  
At the beginning of the laser cutting process, the laser beam has to pierce a hole in 
the workpiece in order to establish a uniform melt ejection through the bottom of the 
kerf. In laser-oxygen cutting process, the width of laser pierced hole is enlarged due 
to interaction of oxygen with the sheet [1]. In fibre laser-oxygen cutting, due to the 
erratic nature of the oxidation reaction and the high melting efficiency of fibre laser, 
a large amount of melt is generated; thus the cutting zone interacting with laser beam 
includes a large melt surface which in contact with oxygen generates more reaction 
power. The excess reaction power causes excessive melting and widening of the 
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kerf [51]. This behaviour at the beginning of cut is more noticeable decreasing the 
cut quality as shown in Figure 2.56.  
 
Figure 2.56- Kerf width and dross attachment with 1.0 bar oxygen pressure. Kerf width is about 
1mm (15 mm mild steel, 3 kW, 0.8 mm/min, 2 mm nozzle diameter, -10 mm focal length) [51]. 
The laser piercing and laser cutting are two independent processes [93]. In piercing, 
the laser beam is stationary with respect to the sheet whilst in laser cutting, the sheet 
(table) or the laser beam (cutting head) moves along the required profile. The 
highlighted difference between piercing and cutting is that in laser piercing the 
majority of molten material is removed through the top of the pierced hole due to 
vaporisation recoil pressure, so spattering occurs; whereas in laser cutting, the 
majority of molten material is ejected through the bottom of the kerf.  
In commercial work, two kind of piercing techniques are applied:  
1. Rapid or blast piercing: during the hole piercing, a force of pressurized gas jet 
on the molten material, which is generated at the laser interaction area, causes 
an explosive ejection of the melt towards the cutting nozzle until the 
breakthrough happens [1].  
2. Pulse piercing [1, 2]: a series of laser pulses at the same spot at a specified 
setting interacts with workpiece which results in melt ejection and 
consequently forming a hole [94]. An assist gas (active or inactive) is used to 
facilitate the ejection of molten material from the laser beam path in 
progression with the hole formation [95]. 
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2.8.2 Laser piercing mechanism  
The mechanism of metal laser piercing in simplified terms can be explained in four 
stages which is quoted from McNally et al. [96] as below:  
³ 
(i) Surface heating: the laser beam is focused onto the metal surface and light 
interacts with electrons by the mechanism of Fresnel absorption. The excited 
electrons collide with lattice photons and other electrons and the energy is rapidly 
converted to heat in a very thin surface layer a few nanometres thick. 
(ii) Surface melting: if the laser intensity and interaction time are sufficient, a thin 
layer on the surface becomes molten. Laser beam intensities are usually so high that 
the timescale for surface melting is too short for significant thermal conduction into 
the material. 
(iii) Vaporisation: at this point, the surface temperature of the irradiated zone is 
typically higher than the boiling temperature of the material and vaporisation 
begins. When the vaporised material is expelled freely into the atmosphere, the 
vapour pressure is considerably higher than the ambient pressure, which causes the 
escaping vapour to accelerate. 
(iv) Melt ejection: as well as vaporisation, two types of liquid melt ejection may 
occur: vaporisation- induced recoil pressure ejecting the melt layer radially from the 
beam path; and ejection as a result of the probable existence of nucleation 
mechanisms that can cause violent boiling during the drilling process. Yilbas and 
Sami [97] reported that material below the surface can become superheated 
whereupon a sudden liquid-vapour phase change takes place, resulting in small 
vapour bubbles developing in the liquid just below the surface and expanding 
rapidly. The high pressure and rapid expansion cause a thermal explosion, ejecting 
the liquid metal in the zone of the exploded bubble from the cavity. 
³   
Voisey et al. [98] have reported that melt ejection is a significant mechanism of 
material removal for the laser drilling conditions. They concluded that during melt 
ejection, the recoil pressure decreases as quoted below: 
³ 
As the pulse progresses, the molten layer thickens, resulting in a larger average 
droplet size. The recoil pressure decreases, reducing the ejection velocity, but 
continues to remove material from the ablation front. The molten material moves 
along the hole walls in a relatively smooth way, breaking up into discrete droplets 
under the influence of surface tension on exiting the hole. Surface tension effects may 
also increase the angle of ejection as the molten material follows the curve of the 
hole entrance on exiting it. 
´ 
The removal mechanism of molten material can also be facilitated by using an assist 
gas. Low et al. [95] used argon and oxygen as assist gas in laser drilling. Argon 
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ejected the molten material from the hole by means of chiefly bulk melt ejection and 
it causes a rapid cooling during the drilling process. In contrast, oxygen ejected the 
melt like liquid particles and vapour ejection. Moreover, due to the thermal reaction 
of oxygen with the melt, cooling rate decreased.  
Tirumala et al. [93] used a power ramped pulse mode (PRPM) for piercing the initial 
hole and cutting the sheet. They used a programmable power supply to change a 
CW-CO2 laser with 1 kW output power to the pulsed mode. During the piercing, the 
power of pulsed laser gradually increases to the maximum then cutting is started. By 
this method they could control the widening of start up hole as shown in Figure 2.57. 
 
Figure 2.57- Decreases in the start-up hole by PRPM cutting. A) Normal pulsed mode, B) PRPM 
laser C) cutting with normal pulsed laser D) cutting with PRPM laser [93]. 
2.8.3 Piercing quality characteristics 
The high quality of laser pierced holes has been the main subject in studies carried 
out on the operating parameters to pierce holes [1]. The quality characteristics of 
pierced holes are: accuracy in diameter, circularity, regularity, repeatability, hole 
taper formation and spatter formation [1, 2, 93]. It is reported that the behaviour of 
melt ejection can significantly affect the shape of  the hole entrance [94]. 
2.8.4 Rapid laser piercing  
Rapid laser piercing is sometimes called blast laser piercing [1]. It involves a CW 
laser beam to pierce a hole (Figure 2.58) so it is more appropriate to use in laser 
cutting. 
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Figure 2.58 - A 3D cross section of a hole pierced by CW laser beam.  
Although blast laser piercing is a fast piercing process [93], it has some detrimental 
effects on the pierced holes: 
1- The hole diameter is considerably larger than spot size [1, 93]. 
2- Explosive ejection of molten material can damage the hole edge and 
circularity.  
3- Spatter surrounds the hole [2, 94].  
4- Due to explosive ejection of molten material, frequent damage of the nozzle 
tip occurs [1, 93]. 
2.9 Thermal lensing  
Lens usually shows an unsteady variation in the optical parameters after incidence of 
high power laser beam and it takes typically 10-20 seconds until the optics reach 
their thermal equilibrium [99]. During thermal equilibrium, the size of lens is 
changed because according to the thermal coefficient of expansion of the lens 
PDWHULDO Į WKH OHQV YROXPH H[SDQGV DV WKH WHPSHUDWXUH RI WKH OHQV LQFUHDVHV
Moreover, the temperature coefficient of refractive index (dn/dT) of lens is changed 
with increasing temperature. Normally, these effects lead to a variation of the focal 
position, divergence angle and, subsequently, the focused beam diameter [99, 100]. 
The power of a lens is directly influenced by these two properties (i.e. Įand dn/dt) 
by what is called the thermal power of a lens as shown in equation 2.16 [100]: 
 Ȳ௉ ൌ ݀݊ ݀ܶൗሺ݊ െ  ?ሻ െ ߙ 2.16 
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The power of a lens is therefore altered as a function of temperature by the 
equation 2.17 [100]: 
 ȟȰ௉ ൌ Ȱ൥ ݀݊ ݀ܶൗሺ݊ െ  ?ሻ െ ߙ൩ 2.17 
Where, ĭLVWKHSRZHURIWKHOHQV7KHFKDQJHLQSRZHU then is the original power of 
the lens times the thermal SRZHURIWKHOHQVȌp [100]. 
The typical thermal coefficient of expansion (Į) for fused silica is around 0.5×10-6/K 
and has a dn/dT of approximately 10×10-6/K. If a lens is made of fused silica and has 
a nominal focal length of 200 mm, then this lens will have a change in focus of more 
than 350 microns for a 100 °C temperature increase. Although this may not seem like 
a huge amount for such a long focal length lens, when used as a collimator for a 
fibre, it has a dramatic impact on how the light is collimated from the fibre [100]. 
The effect of focal shift on the cutting process has been already discussed 
(see 2.5.1.1 and 2.5.1.2).  
The effect of thermal lensing on the relative focal shift as a function of irradiation 
time measured on a 6 kW laser power with 200 µm transport fibre and magnification 
of 1 is indicated in Figure 2.59 [101]. The focus shift is separated by the Rayleigh 
length (ZR). The focal shift due to the absorbed power (ǻ3abs) can be estimated by 
equation 2.18 [101] where f is nominal focal length, RL is the radius of fibre, KW is 
the material specific thermal conductivity.  
  ?݂ ൌ  ? ௔ܲ௕௦ ?ߨ  ? ܭௐ ݂ଶܴ௅ଶ ݀݊݀ܶ 2.18 
 
Figure 2.59- Relatively focus shift as a function of irradiation time [101]. 
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In majority of published research, the effect of thermal lensing on the cutting process 
has not been considered. Said [52] has attended to the effect of power and irradiation 
time on the focus shift. However, it was reported that the focus shift did not affect 
the results of the kerf width because the maximum laser irradiation time for cut was 
30 seconds which was below the threshold time for thermal lensing (i.e. 5 minutes). 
Also there was a waiting time between each cut that allowed the optics to cool. 
2.10 Summary  
This chapter briefly reviewed the literature in relation to the laser cutting of metals, 
in particular, the laser cutting of mild steel plates using oxygen and nitrogen as assist 
gases. Two sources of lasers with different wavelength (i.e. CO2 laser with 
wavelength of 10.6 µm and fibre/disk/YAG with wavelength of 1.06 µm), which 
widely used for laser cutting, were compared. The comparison shows that the 
performance of fibre/disk laser in laser cutting is different from CO2 laser. The 
published works in literature also indicate that the action of oxygen, in laser cutting 
of mild steel, is different from nitrogen. The results from the literature indicate that 
different optical system setups (e.g. different focal distance, different position of 
focal point and different focused spot size) have different effects on the laser cutting 
conditions. The basic laser cutting parameters, such as laser power and cutting speed, 
are also influenced by the parameters discussed above. This leads to the selection of 
optimal laser cutting parameters to cut different thicknesses being difficult (i.e. 
different combinations of laser cutting parameters can cut a given thickness). From 
the results of published works, it seems that as well as these being many different 
approaches to selecting laser cutting parameters, there is no quantitative way of 
comparing parameter sets across different laser system. Which laser cutting 
parameters do control the depth of cut?  
In laser cutting, the laser beam has to pierce a hole in the workpiece from where the 
cutting proceeds. In oxygen laser cutting of mild steel, the width of start-up hole is 
wider than the rest of the cut, which causes the piercing to be carried out far from the 
final cut surface, thus leading material wastage and increased production costs. A 
review of the relevant literature indicates that this issue has received little attention. 
Better understanding of laser piercing is needed to be able to minimise the amount of 
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material wastage in laser cutting. How can the oxygen laser cutting of mild steel be 
optimised regarding material wastage? 
The main topics of this thesis are to answer to the questions discussed above in fibre 
laser cutting of mild steel using oxygen and nitrogen. 
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3 Equipment and experimental procedures 
3.1 Introduction  
The equipment and experimental procedures used will be introduced in this chapter. 
The first sections concern the material, laser machine, laser power calibration and 
laser beam characterisation. The following sections cover the workpiece preparation, 
laser machine setup and laser cutting with oxygen and nitrogen. Then, the equipment 
which was used for the kerf width observation and surface roughness measurements 
will be introduced. Piercing experiments, the methods used for hole structure 
observation and hole geometry estimation will be discussed in the following section.  
3.2 Material  
The workpiece used is cold rolled mild steel and the compositions of the material are 
presented in Table 3.1. 
Table 3.1- Composition content of mild steel sheet (% of weight) measured using spark emission 
(Spectrometry, Foundry Master). 
 
Fe C Si Mn S Cr Ni Al Co V Ca 
1.0mm 99.5 0.0433 0.0062 0.172 0.0181 0.0557 0.0448 0.0451 0.0025 0.0021 0.002 
1.6mm 99.3 0.0350 0.0056 0.173 0.0135 0.0134 0.0119 0.0422 0.0021 0.0028 0.002 
2.0mm 99.5 0.0334 0.0053 0.192 0.0150 0.0231 0.0132 0.0341 0.0024 0.0025 0.0019 
4.0mm 99.1 0.0632 0.0071 0.205 0.0150 0.0415 0.0325 0.0542 0.005 0.002 0.0017 
6.0mm 98.7 0.145 0.0171 0.947 0.0063 0.0167 0.0248 0.0737 0.006 0.002 0.0004 
It is well known that laser cutting is mainly a laser-fusion phenomenon and the laws 
of optics and fusion dominate the whole process. The surface quality of workpiece 
may affect optical-fusion-aerodynamic phenomenon. Sheets with shiny or reflective 
surfaces can reflect the beam out of the focused point causing a reduction in power 
absorption. Dirty, rusty or processed surfaces may respond unexpectedly in melting 
of material. Thus, the surface roughness of sheet may affect laser cutting. Hence the 
surface of sheet was expected off the rust and any surface damage before 
experimentation. The surface of the sheet was cleaned up from the oil using a 
methanol based cleaner before cutting. The sheet surface quality was as same as a 
cold rolled mild steel sheet surface and the same surface finish has been used 
throughout this work. 
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3.3 Fibre laser cutting machine  
The fibre laser cutting machine used in this research is an Ytterbium fibre laser 
machine manufactured by IPG Laser Company. Some features are shown in 
Table 3.2.  
Table 3.2- General characteristics of the IPG fibre laser cutting machine.  
Contents Values 
Model YLR-2000 
Laser source Ytterbium 
Maximum set power 2000 W 
Maximum output power 1750 W 
Number of module 4 + 1 reservation 
Maximum power of a module 500 W 
Wavelength 1060 µm 
Laser mode CW 
Beam intensity distribution TEM00 
Feeding fibre length 5 m 
Cooling system Chiller + water cooling  
3.3.1 Optical system of cutting head 
Two lenses with the same outer diameter of 50 mm but with different focal length 
were applied in this research as shown in Table 3.3. 
Table 3.3- Showing the optical parameters of employed cutting heads. 
Trade name Collimation length Focal length Magnification 
PRECITEC YK25 125 mm 120 mm 0.96 
PRECITEC YK25 125 mm 80 mm 0.64 
3.4 Output power measurement  
On the monitor of the applied laser machine there are two power measurements of 
set power and displayed power. When using set power (target power), due to some 
technical reason the displayed power was 97.5% of the set power. However, it is 
important to know that how much power is available in the cutting head. The output 
power (actual power) from the cutting head can be measured by a power monitor. 
There are several different types of power monitors available on the market [102-
104]. The most common power meters used for high power CW lasers are 
calorimetric-based devices. They measure the temperature of a cooling medium, 
which attains the heat from the laser beam absorbed in a highly absorbing chamber 
[105]. To measure the output laser power from the nozzle a Premise GmbH Power 
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Monitor was used as shown in Figure 3.1 and Figure 3.2 which is a calorimetric-
based device. 
The power meter which is made up of a parabolic mirror in entrance, a cylindrical 
absorber with inner surface coated by highly absorbing coating and an input and 
output cooling water is shown in Figure 3.1. The beam is directed to the absorber by 
the entrance mirror and is completely absorbed thus, heating the water around the 
absorber. The difference of temperature between input and output water (T2-T1) and 
its coolant flow rate are measured by a high precision sensor. The electronic data is 
sent to the computer and the power of the absorbed laser beam is calculated by the 
SRZHUPRQLWRU¶VVRIWZDUH 
 
Figure 3.1- Schematic of calorimetric power meter [103]. 
Figure 3.2 depicts the setup of the power meter on the CNC table of the laser 
machine while calibrating the output power with a fixed cone on the cutting head and 
ZLWKRXWWKHQR]]OH7KHSRZHUPHWHU¶VVoftware monitors any increase in temperature 
as the time increases as per Figure 3.3. As the laser beam starts to heat the cylindrical 
absorbers, the temperature increases and the software calculates the power consumed 
and displays this on a graph. Eventually, the graph becomes steady because laser 
beam power is constant. 
 
Figure 3.2- Indicating the setup for power calibration with power meter. 
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Figure 3.3- 3RZHUPHWHU¶VVRIWZDUHZLQGRZLQGLFDWHVWKHPHDVXUHGSRZHUIRUWKHWDUJHWSRZHU
of 1200 W with fibre of 200 µm and the focal length of 120 mm as the time increases.  
The actual power was measured after 2.5 minutes from the beginning of laser 
irradiation. The power calibration was measured for both employed lenses (i.e. focal 
lengths of 120 mm and 80 mm) and the results were very similar. The result of the 
power calibration as a function of target power and actual power is shown in 
Figure 3.4 and Table 3.4.  
 
Figure 3.4- Indicating the trend of actual power versus target power using different lenses with 
focal length of 120 mm and 80 mm. The cone without nozzle had been set up on the cutting 
head. 
Table 3.4- Showing the numeric values of target power and the actual power for both applied 
lenses with different focal length of 120 mm and 80 mm with using the output fibre of 200 µm. 
Target power (W) 200 400 800 1000 1200 1400 1600 1800 2000 
Actual power (W) for 120 mm 170 340 696 866 1045 1214 1380 1563 1750 
Actual power (W) for 80 mm 170 340 700 877 1050 1236 1410 1595 1780 
During the power calibration, the cone of cutting head was becoming hot, which 
potentially meant that some power was being lost by beam scattering and heat 
conduction. To determine the extent of this effect, the cone was disassembled and 
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some target powers were inspected randomly. The results indicate that approximately 
1% of output power is lost when using the cone as shown in Table 3.5. 
Table 3.5- Comparison of actual powers with and without cone. 
Target power  Actual power with cone Actual power without cone Losses percentage 
800 W 696 W 703 W <1% 
1200 W 1045 W 1055 W <1% 
2000 W 1750 W 1760 W <1% 
The power calibration for fibre of 600 µm was also investigated to determine the 
effect of output fibre diameter on the power calibration. The data in Table 3.6 
confirm that the diameter of fibre does not influence the actual power.  
Table 3.6- The effect of fibre diameter on the actual power.  
Target power (W) 200 400 800 1200 1600 2070 
Actual power for 200 µm (W) 170 340 696 1045 1380 1750 
Actual power for 600 µm (W) 170 340 696 1045 1380 1750 
3.5 Laser beam characterisation  
The laser beam parameters such as beam diameter, focus position, power density 
distribution and beam divergence angle were measured by using a Primes GmbH 
focus monitor as shown in Figure 3.5 and Figure 3.6. The focus monitor scans the 
laser beam by a rotating measuring tip which includes a 20 µm pinhole located 
1.5 mm from the end of the tip. The measuring tip has two movements: a rotational 
and a linear movement. It directs the signal target of beam to the detector using two 
mirrors. The detector then transfers the electrical signals to a computer where the 
focus position and the profile of the scanned beam can be read. The second order 
moment method [106-108] was used to evaluate the beam diameter and describe the  
laser beam propagation in accordance with the current ISO standard of 11146 [99]. 
To avoid the effect of focus shift, the measurement of beam diameter was carried out 
with a typical laser power of 600 W. 
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Figure 3.5- Primes GmbH focus monitor [103, 109]. 
The experimental setup for beam monitoring is indicated in Figure 3.6. The focus 
monitor is located on the CNC table below the optical lens while the rotating pinhole 
can touch the laser beam. The pinhole must always be located in a correct and stable 
position in the beam path. Easy positioning can be performed using the adjustment 
plate as shown in Figure 3.7. The laser beam must go through the adjustment SODWH¶V
hole to show a good position of focus monitor below the laser beam. In order to test 
the above scenario, we used the red guide beam of the laser machine which is visible 
and safe to use. During the beam monitoring test, a water cooled beam dumper was 
applied to avoid any damage by scattered laser beam as shown in Figure 3.6.  
 
Figure 3.6- The experimental setup for monitoring the laser beam. 
 
Figure 3.7- Adjustment plate on the focus monitor. Arrow shows the red guide beam path. 
Measuring tip has been rotated to avoid any crash with adjustment plate [99]. 
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3.5.1 Finding the focal point by focus monitor  
One of the most useful applications of the focus monitor is to find the focal point 
position of the laser beam since laser beam cannot be seen by eye or touched. The 
focus monitor was adjusted and mounted on the CNC table below the laser beam. 
The lens position on the outer surface of the cutting head was not identified; hence a 
relative measure method was used to calculate the focal point position. The distance 
RI³$´Figure 3.8-A) was measured by a calliper from the top surface of the beam 
SURILOHUWRDQ\GLVWLQFWSRLQWRQWKHFXWWLQJKHDGRUFROOLPDWRU7KHGLVWDQFHRI³%´
was given by the Primes company in the manual of the focus monitoring [99]. The 
GLVWDQFH RI ³&´ LV WKH GLVWDQFH IURP WKH SRVLWLRQ RI WKH SLQKROH WR WKH IRFDO SRLQW
position that the focus monitor has recognised. Considering Figure 3.8-A, the relative 
focal point position (FR) can be calculated as per equation 3.1 below:  
 ܨோ ൌ ܣ ൅ ܤ െ ܥ 3.1 
The equation 3.1 is only usable for the lens with focal length of 120 mm. When the 
beam is focused by the lens with focal distance of 80 mm, due to a distance 
limitation in the Z axis during focus monitoring, the focus monitor was set up upside 
down with the inverted pinhole (Figure 3.38-B).  
 ܨோ ൌ ܣ ൅ ܤ ൅ ܥ 3.2 
 
Figure 3.8- Showing the geometrical position of focus monitoring with cutting head. A) Usual 
setup of the focus monitor for focal length of 120 mm. B) Due to some space limitation between 
the focus monitor and the cutting head when monitoring the beam focussed by 80 mm-lens, the 
focus monitor was setup upside down with the inverted pinhole.  
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This set up still technically allows the focus monitor to characterise the focussed 
beam but the equation 3.1 must be changed to equation 3.2. The geometrical 
characteristics of two applied lenses in focus monitoring are shown in Table 3.7. 
Table 3.7-Geometrical characteristics of two applied lenses in focus monitoring.  
Focal length (mm) 
 120 80 Comments 
A (mm) 215 144.75 In this study. 
B (mm) 20.5 4.5 According to the manual of Primes co [99]. 
C (mm) 17.5 26 Distance which was measured by the focus monitor. 
In Figure 3.8, the measuring tip (pin hole) with a rotational movement records the 
beam geometries while moving up stepwise.  
3.6 Beam monitoring results 
Several useful laser beam characteristics can be ascertained by the focus monitor 
such as M2, Rayleigh length, raw beam diameter, beam parameter product (BPP), 
power density distribution and divergence angle as well as geometrical. Two cutting 
heads with different optical systems will be examined. The outcomes of laser beam 
characterisation are presented following. 
3.6.1 Cutting head with focal distance of 120 mm 
With a collimation focal of 125 mm, the magnification of the optical system in this 
case is 0.96 and can be calculated by equation 3.3 where M is magnification, d is the 
spot size and ܦ௙ is the fibre diameter:  
 
ܯ ൌ ܨி௢௖௔௟ܨ஼௢௟௟ ൌ ݀ܦ௙ 3.3 
The beam profile for a fibre of 200 µm in a short interval of focal point at 18 planes 
is shown in Figure 3.9. The curve of beam profile realises a mathematical description 
of the beam propagation. It must be mentioned that for all beam profiles in this study 
the scale of X axis is µm while for Z axis it is mm.  
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Figure 3.9- Focussed beam profile for fibre of 200 µm with focal length of 120 mm (600 W). 
The focus monitor software can also generate a 3D presentation of the measured 
distribution of the laser power intensity (Figure 3.10). The shape of laser intensity 
propagation is symmetrical and quite similar to a top hat with Gaussian distribution.  
 
Figure 3.10- Energy distribution at the position of focus point and power of 600 W with focal 
length of 120 mm for different fibres.  
Table 3.8 compares the results of theoretical and measured spot size for different 
applied fibres. Theoretical spot size was calculated by equation 3.3 
Table 3.8- Indicating the theoretical and measured spot size using the lens with focal distance of 
120 mm (600 W). 
Fibre diameter 200 µm 400 µm 600 µm 
Theoretical spot size (mm) 0.192 0.384 0.576 
Measured spot size (mm) 0.201 0.374 0.605 
A superposition of laser beam profile with a hole pierced by this beam allows one to 
envisage the geometrical situation of laser-material interaction during cutting or 
piercing as shown in Figure 3.11.  
200µm 400µm 600µm 
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Figure 3.11- Superposition of beam profile with a pierced hole (Fibre diameter of 200 µm, focal 
length of 120 mm, irradiation time of 8 ms, power of 1.7 kW with 2 bar oxygen). 
3.6.2 Cutting head with focal distance of 80 mm 
The magnification of this optical system can be calculated from equation 3.3 
previously shown: 
 ܯ ൌ ܨி௢௖௔௟ܨ஼௢௟௟ ൌ  ? ? ? ? ?ൌ  ?Ǥ ? ?  
From equation 3.3, the focused beam diameter for fibre of 200 µm and for 400 µm 
can be determined as below: 
For 200 µm: ݀ ൌ ܯ  ? ܦ ൌ  ?Ǥ ? ?כ  ? ? ?ൌ  ? ? ?Ɋ݉  
For 400 µm: ݀ ൌ  ?Ǥ ? ?כ  ? ? ?ൌ  ? ? ?Ɋ݉  
The focussed beam profile for fibre of 200 µm in a short interval of focal point at 20 
planes is presented in Figure 3.12. The measured focussed beam diameter for fibre of 
400 µm in four repetitions of monitoring was 260 µm however for 200 µm, it varied 
between 140 µm to 160 µm with an average spot size of 150 µm.  
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Figure 3.12- Focussed beam profile for fibre of 200 µm with focal length of 80 mm (400 W). 
The shape of laser intensity propagation is symmetrical and very similar to a top hat 
with Gaussian distribution. 
 
Figure 3.13- Energy distribution at the focus point with power of 400 W for different fibres with 
focal length of 80 mm. 
3.6.3 Comparison of focussed beams with different focal length  
3.6.3.1 Geometry of beams 
Lenses with different focal lengths concentrate the beam at the focal point with 
different geometric characteristics which may affect laser cutting performance. A 
geometric comparison of four beams with fibres of 200 µm and 400 µm in diameter 
focussed by two different lenses with focal length of 120 mm and 80 mm is 
illustrated in Figure 3.14.  
Total Rayleigh length in fibre of 200 µm for focal length of 120 mm is 2.66 mm 
while it is 0.882 mm for focal length of 80 mm. These values for 400 µm are 
4.406 mm and 1.57 mm respectively. As can be seen, for fibre of 200 µm in 120 mm 
at the distance of 5 mm from the focal point (i.e. at zero) the diameter of beam is 
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0.8 mm while it is 1.0 mm for focal length of 80 mm at the distance of 4 mm. This 
means that the divergence angle in 120 mm is smaller than that is in 80 mm. More 
details to compare the inspected beams are indicated in Table 3.9. 
 
Figure 3.14- A comparison of four beams with fibres of 200 µm and 400 µm focussed by two 
different lenses with focal distance of 120 mm and 80 mm. This figure was carefully drawn in 
AutoCAD with using the geometric information which had been obtained by the focus 
monitoring tests. 
The results of laser beam characterisation are presented in Table 3.9. 
Table 3.9- Laser beam characteristics for different focal lengths and fibre diameters. 
Focal length Mag. Power (W) Characteristics 200 µm 400 µm 600 µm 
120 mm 0.96 600 
Focused beam dia. (mm) 0.20 0.370 0.60 
Rayleigh length (mm) 1.329 2.203 3.375 
Divergence angle (mrad) 153.6 168.27 176.76 
BPP (mm.mrad) 7.84 15.6 26.36 
M2 23.3 46.2 78.1 
80 mm 0.64 400 
Focused beam dia. (mm) 0.150 0.260 - 
Rayleigh length (mm) 0.442 0.697 - 
Divergence angle (mrad) 252.6 324.96 - 
BPP (mm.mrad) 7.06 18.401 - 
M2 20.9 54.5 - 
3.6.3.2 Beam quality  
Rayleigh length (RL) basically describes the depth of focus where the cross sectional 
area of the beam is twice that at the focal point. The results of focus monitoring 
indicate that the RL increases with fibre diameter but decreases with shorter focal 
distances (Table 3.9). With a 100% increase in the fibre diameter from 200 µm to 
400 µm, there is a 66% increase in the RL. With an increase of 50% in the fibre 
diameter from 400 µm to 600 µm, there is 0.53% increase in the RL. When using the 
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fibre of 200 µm and decreasing the focal length from 120 mm to 80 mm, there is 
67% reduction in the RL.  
The Beam Parameter Product (BPP) describes the quality of a laser beam or more 
specifically, focus ability of an optical system [34]. The results show that the BPP 
increases with fibre diameter (Table 3.9). For the fibre of 200 µm and focal distance 
of 120 mm the BPP is 7.84 mm.mrad while it is 15.6 mm.mrad for 400 µm. The 
effect of focal length on the BPP varies. In 200 µm when the focal length is 
decreased from 120 mm to 80 mm, the BPP decreases from 7.84 mm.mrad to just 
7.06 mm.mrad whilst for the 400 µm thick fibre, the BPP increases from 
15.6 mm.mrad to 18.4 mm.mrad. The same trend is also seen for M2 because BPP is 
proportion to M2 as shown by equation 3.4 [21, 59]. 
 ܤܲܲ ൌ ߣߨܯଶ 3.4 
The results of focus monitoring in Table 3.9 show that the RL increases with beam 
diameter. Equation 3.5 indicates that the RL is proportional to the other beam 
characteristics [21, 59].  
 ܴܮ ൌ ൬ ݀?൰ଶ  ? ߨߣ  ? ܯଶ ൌ ቀ ݀?ቁଶܤܲܲ  3.5 
Investigation into the laser beams characteristics indicated that for both focal lengths 
the divergence angle slightly increases as fibre diameter increases (Table 3.9) 
However when using the same fibre, the divergence angle significantly increases as 
focal length decreases. As far as the effect of power on the beam characteristics is 
concerned, an investigation on the 400 µm fibre with focal distance of 80 mm 
indicated that there is a very small difference in the results when the power increases 
from 400 W to 600 W, as presented in Table 3.10. 
Table 3.10- The effect of power on the focussed beam characteristics (Fibre of 400µm and focal 
distance of 80 mm).  
Characteristics 400W 600W 
Focused beam dia. (mm) 0.260 0.264 
Rayleigh length (mm) 0.70 0.785 
Divergence angle (mrad) 325 312 
BPP (mm.mrad) 18.4 19.0 
M2 54.5 56.4 
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3.6.3.3 Peak power intensity 
A comparison of utilised fibres in terms of peak power intensity versus focal point 
position is shown in Figure 3.15. With 600 W of power, the maximum power 
intensity reported by the focus monitor for fibre of 200 µm is 2186.7 kWcm-2. For 
the 400 µm and 600 µm fibres, these values decrease to 592 and 236 kWcm-2 
respectively. Hence, peak power intensity is increased with decrease in the beam 
diameter.  
 
Figure 3.15- Showing a comparison of employed fibres in terms of power intensity distribution 
throughout the focal point position (focal length of 120 mm with power of 600 W).  
Figure 3.15 indicates that with the same lens (the same focal length), the focus point 
position on or below the sheet surface using the fibre of 200 µm is more sensitive 
than 600 µm because the highest power intensity is only available at the focal point 
(i.e. 0). Additionally, the slope of power intensity reduction in 200 µm is steeper than 
that is in 600 µm. For example, by being out of focus by 1.2 mm, the power intensity 
reduction for 200 µm is 11% while it is less than 1% for 600 µm. However, at this 
point the 200 µm has still higher power intensity than 600 µm. 
As the fibre diameter increases, the maximum power intensity decreases with a 
constant power (Figure 3.16). As can be seen, the power intensity at the point of 
Rayleigh length is about 80% of that is in the focal point.  
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Figure 3.16- Power intensity as a function of fibre diameter at focal point and Rayleigh length 
for power of 600 W and focal distance of 120 mm. 
Power intensity distribution throughout the focal depth for fibres of 200 µm and 
400 µm with focal length of 80 mm for different powers of 400 W and 600 W are 
indicated Figure 3.17. As can be seen with the same power of 400 W, the peak power 
intensity for 200 µm is 3.5 times greater than that is for 400 µm. 
 
Figure 3.17- Indicating a comparison of two employed fibres in terms of power intensity 
distribution throughout the focal point position with different powers (focal length of 80 mm). 
A comparison of power intensity distribution throughout the focal depth for different 
fibres, focal length and powers is shown in Figure 3.18.  
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Figure 3.18- Power intensity distribution for different fibres, focal lengths and powers.  
3.6.3.4 Technical analysis 
During laser cutting, especially when piercing the start-up hole, lots of upward dross 
splashes from the melting zone. This splash can damage the cutting head. Moreover, 
the high temperature of melt in laser cutting of plates can heat up the cutting head. 
As can be seen in Figure 3.19 the height of cone for the focal distance of 120 mm is 
83.9 mm while this is 41.6 mm for focal distance of 80 mm. From a technical point 
of view, applying a cutting head with a taller cone (focal length of 120 mm) might be 
advantageous as it may avoid any damage to the cutting head and optics from the 
dross splashes and temperature of melting zone, especially in long term laser cutting 
of thick material (Figure 3.20).  
 
Figure 3.19- Dimensions of employed cutting heads. A) Focal length of 80 mm, B) 120 mm. 
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Figure 3.20- Showing two employed cutting heads are setup on the sheet ready to cut. 
3.6.4 Focal point distance and focused beam diameter 
The results of focus monitor for fibre of 200 µm and the lens with focal distance of 
120 mm in the power range of 200 W to 800 W show that at the constant relative 
focal length (i.e. FR = 218 mm), the diameter of focused beam slightly increases from 
202 µm to 220 µm with increasing power. As is seen in Figure 3.21, in the range of 
applied power, the change of spot size with increasing power is insignificant; with a 
400% increase in the power, there is less than 9% increase in the spot size. 
 
Figure 3.21- Focused beam diameter as a function of power for fibre of 200 µm at the constant 
relative focal length of FR = 218 mm. 
The slight increase in the spot size is due to the focal point distance slightly 
decreasing as power increases as shown in Figure 3.22. It is well known that for a 
given optic, reduction in the focal point distance is related to the thermal expansion 
of the focusing lens [1, 2, 33, 70, 76, 110]. During laser cutting, when the laser beam 
is passing through the lens, a small portion of laser power is absorbed by the 
focussing lens, resulting in the lens heating and expanding in three dimensions. 
Absorption takes place mainly in the anti-reflective coatings (AR coatings), scratch 
and on dirt on the lens [111]. It should also be noted that in the power range of 
0
20
40
60
80
100
120
140
160
180
200
220
240
0 200 400 600 800
Fo
cu
se
d 
be
a
m
 
di
am
et
er
 
(µ
m
) 
Power (W) 
 70 
 
200 W to 800 W, the amount of focal point shifting is insignificant; with a 0.03% 
decrease in focal distance as power is increased to 400%.  
 
Figure 3.22- Relative focal point position (FR) as a function of power for fibre of 200 µm. 
As far as the effect of irradiation time on the focal distance is concerned, previous 
research with the same laser showed that the focus shifting is also time dependent but 
the majority of the focal point shifting would happen only in the first five minutes of 
laser illumination [52].  
3.6.5 Focal point position adjustment  
Based on the laser beam monitoring results, the focal point can be adjusted in the 
cutting head by changing the position of lens by using the focal adjustment tool 
shown in Figure 3.23.The position of the lens can be read using the focal adjustment 
tool as it has been marked with lines from +5 to -4 mm. A complete rotation of the 
adjusting tool can move the lens 1 mm up or down depending on the direction of 
rotation. Each quarter of rotation on the tool has been marked so the accuracy of the 
tool is 0.25 mm. According to the beam monitoring results (Table 3.9) and by using 
equation 3.1 the relative focal length (FR) for the 200 µm fibre and the focal length of 
120 mm can be calculated as: 
FR=215+20.5-18=217.5 mm. 
210
211
212
213
214
215
216
217
218
219
220
0 200 400 600 800
R
el
at
iv
e 
fo
ca
l p
o
in
t (
mm
) 
Power (W) 
 71 
 
 
Figure 3.23- Focal point adjustment tool for YK52 cutting head. 
With the distance of FR = 217.5 mm, the focal point is placed on the surface of 
workpiece with a stand-off distance of 0.5 mm as shown in Figure 3.24-A. In order 
to set up cutting head with the stand-off distance of 1 mm, the lens was shifted 
downward by 0.5 mm and the cutting head was moved up by 0.5 mm as indicated in 
Figure 3.24-B. Performing this adjustment allows the focal point to be located on the 
upper surface of the sheet and the stand-off distance to be set at 1 mm. 
 
Figure 3.24- Focal point position adjustment. A) Before adjustment, B) After adjustment. 
The relative focal length (FR) and lens position for different fibres are presented in 
Table 3.11. The position of lens is different for different fibres and focal lengths. 
Table 3.11- Relative focal length and lens position for different fibres and optical systems. 
Optical system Characteristics 200µm 400µm 600µm 
120 mm Relative focal length 218 mm 218.5 mm 218.5 mm Lens position -0.5 mm -1 mm -1 mm 
80 mm Relative focal length 175.75 mm 175.75 mm - Lens position 0.75 mm 0.25 mm - 
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It is well known that in laser cutting, generally, the best position for the focus point is 
on the surface of workpiece. Literature also reports that a narrow kerf width in 
cutting of thin plate can be achieved when the focus point is on the surface of sheet.  
In order to find out the effect of lens position (focal point position) on the kerf width 
and also trust in the positioning of the lens, nitrogen cuts using the fibre of 200 µm, 
400 µm and 600 µm were carried out on 1 mm-thick mild steel sheet. The results are 
presented in Figure 3.25. As can be seen, when the laser beam is focussed on the 
upper surface of the sheet, the kerf width becomes narrow.  
 
Figure 3.25- Kerf width versus lens position for different fibres (focal length of 120 mm, 
1 mm thick mild steel, 12 bar nitrogen, V = 500 mm/min, P = 250 W). 
A comparison of the employed fibres and optics in terms of lens position and kerf 
width is illustrated in Figure 3.26. The narrowest kerf width was achieved by the 
focal length of 80 mm and fibre of 200 µm. As can be seen, the lens position is 
different for different fibres. 
 
Figure 3.26- Comparison of employed fibres and optical systems in terms of lens position and 
kerf width (1 mm thickness, 12 bar nitrogen, V = 500 mm/min, P = 250 W). 
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3.6.6 Machine setup  
Before performing the tests, the laser cutting machine should be checked and set up 
carefully in terms of: 
1- Optical components: These should be clean. Any dust in the way of the laser beam 
and on the optical components such as fibre connectors, lens, collimator and nozzle 
can absorb the laser beam, decreasing the laser power.  
2- All components should be of high quality and adhere to the safety standards 
according to the machine manuals and laser risk assessment booklet.  
3- Beam-nozzle alignment: Ensure that the laser beam is exactly in the centre of 
nozzle. This is possible by using the scotch tape. When the laser beam is off, a piece 
of scotch tape is attached to the nozzle and then, the laser beam with a power of 
100 W is turned on just for a fraction of a second (e.g. 2 ms). On the surface of the 
scotch paper there are two features. One of them is a circular indentation which is 
marked by the nozzle and the second one is a hole burnt by the laser beam. If the 
hole has been located in the central of the circular indentation, it means the laser 
beam has been located in the centre of nozzle. Otherwise, by using the three lens 
centring screws on the cutting head, the laser beam can be aligned with the nozzle.  
4- The workpiece should be fixed on the table of machine by using a suitable fixture. 
The fixture should also allow the assist gas and melt to flow down through the cut.  
5- Stand-off distance is 1 mm. To adjust it, move the cutting head up and down by its 
motor and use a 1 mm block gauge to control the distance between the nozzle and 
plate.  
6- The focal adjustment tool is used to adjust the position of focal spot. In all 
experiments, the focal spot was on the top of surface.  
7- Select the assist gas. Check the feeding assist gas pipes to the cutting head. An 
accurately calibrated manometer shows the pressure of gas. The gas pressure can be 
adjusted by a regulator which is located in the piping system. A system of ventilation 
must be used to avoid any damage to respiration system. 
8- Set up cutting speed and power according to the experiment plan and then locate 
the nozzle in one side of the sheet. Use laser goggles before cutting. 
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3.7 Oxygen- fibre laser cutting 
The first aim of this experiment is to confirm that the kerf width in oxygen-fibre laser 
cutting of mild steel sheet is wider than the diameter of laser beam. The second aim 
is to find out how the kerf width changes with changes in sheet thickness, power and 
cutting speed. Thirdly, to observe the striation generation and striation pattern on the 
cut edge. Finally, analysis of surface roughness in order to find out the effect of 
cutting parameters on the surface roughness will be carried out.  
3.7.1 Experiment parameters 
The experiment parameters are shown in Table 3.12. Each cut was repeated three 
times in order to increase the accuracy of results. A nozzle tip of 1 mm with 1 mm 
stand-off distance and 2 bar oxygen was used. The employed fibre diameter was 
200 µm and the focussed beam size on the upper surface of workpiece was 0.2 mm 
using a lens with focal length of 120 mm. Mild steel sheet with three different 
thicknesses of 1, 1.6 and 2 mm were used in this experiment. 
Table 3.12- Laser cutting parameters in oxygen laser cutting. 
No Target Power (W) Cutting speed (mm/min) 
1 1000 4000 
2 1000 5000 
3 1000 6000 
4 1500 4000 
5 1500 5000 
6 1500 6000 
3.8 Nitrogen-fibre laser cutting  
3.8.1 Initial experiment  
The first aim of this test is to discover experimentally how nitrogen as an assist gas 
affects the fibre laser cutting of mild steel. The second aim is to compare laser-
oxygen and laser-nitrogen cutting in terms of kerf width, kerf width ratio and surface 
roughness.  
3.8.1.1 Experiment parameters 
The experimental plan is illustrated in Table 3.13. The nitrogen cuts were carried out 
using a 200 µm fibre, a 120 mm focal length lens, a 1 mm orifice nozzle with and 
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1 mm stand-off distance, 12 bar nitrogen pressure and 1 to 3 mm sheet thickness. The 
beam was focussed on the surface of workpiece with the spot size of 0.2 mm. 
Table 3.13- Experiment parameters for initial laser cutting of mild steel with nitrogen. 
No Power (W) Cutting speed (mm/min) 
1 1000 400 
2 1000 900 
3 1000 2000 
4 1500 400 
5 1500 900 
6 1500 2000 
3.8.2 Cutting with maximum cutting speed 
The purpose of this experiment is to specify the maximum cutting speed for the 
employed power in nitrogen laser cutting of mild steel using different fibres, focal 
lengths and sheet thicknesses. The results of this experiment will be used to 
investigate the fundamental interaction parameters such as specific point energy later 
in chapter 6.  
3.8.2.1 Experiment methodology 
The first step was to specify the minimum power and the relevant maximum cutting 
speed in laser cutting of different thicknesses. This initial experiment confirmed that 
below the employed powers there was no through cut. In other words, specified 
powers were the lowest powers that could penetrate and cut the applied sheet. Five 
different thicknesses of 1 mm to 6 mm were cut using different fibre diameters of 
200 µm, 400 µm and 600 µm. Nitrogen pressure was 12 bar and the stand-off 
distance was 1 mm with using a 1 mm nozzle. A lens with focal length of 120 mm 
was applied and the focus point position for each fibre was adjusted on the surface of 
workpiece. The results of these cuttings are shown in Table 3.14 and were used in the 
next step of experiment.  
Table 3.14- Minimum power at relevant maximum cutting speed to cut the applied sheets.  
Fibre diameter Parameter 1 mm 2 mm 3 mm 4 mm 6 mm 
200 µm Cutting speed 0.12 m/min 0.12 m/min 0.12 m/min 0.12 m/min 0.15 m/min Real Power 140 W 250 W 350 W 450 W 700 W 
400 µm Cutting speed 0.22 m/min 0.22 m/min 0.22 m/min 0.22 m/min 0.22 m/min Real Power 170 W 300 W 425 W 580 W 900 W 
600 µm Cutting speed 0.36 m/min 0.36 m/min 0.36 m/min 0.36 m/min 0.45 m/min Real Power 250 W 375 W 550 W 680 W 1300 W 
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The initial results as also presented in Figure 3.27 indicate that the lowest power to 
cut the sheet increases with sheet thickness. The smaller the beam diameter, the 
lower the minimum power is. The graph becomes curved as the beam diameter 
increases especially when cutting thicker sheets.  
 
Figure 3.27- Minimum power at maximum cutting speed versus thickness for different fibres. 
The cutting speed range has given in Table 3.14. 
The energy per unit length (ܧ௅) can be calculated with equation 3.6. This calculates 
how much energy is delivered to cutting zone when a power of P is delivered to the 
cutting zone by a focussed beam moving with a constant cutting speed of V [46]. 
 ܧ௅ ൌ ܸܲ ሼܬ݉݉ିଵሽ 3.6 
Using Table 3.14 and equation 3.6, the energy per unit length (ܧ௅) delivered to 
cutting zone was calculated and the results are presented in Figure 3.38 for different 
thicknesses and fibres. This is the minimum energy because for each employed 
power the cutting speed is at the relevant maximum value. As can be seen the smaller 
the laser beam, the higher the ܧ௅ consumed for cutting. The ܧ௅ increases with 
increasing the sheet thickness.  
 
Figure 3.28- Minimum energy per unit length versus thickness for different fibres, 12 bar N2. 
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In the next experiments, the maximum cutting speeds were specified for different 
powers using the flowchart (Figure 3.29). First, the fibre and sheet thickness are 
selected followed by the machine being set up for the minimum power and the 
relevant maximum cutting speed using Table 3.14. Afterwards, cutting is carried out. 
This flowchart has two If-Then constructs to specify the minimum power for selected 
cutting speed.  
 
Figure 3.29- Maximum cutting speed experiment flowchart. 
Cutting speed increases in accordance with the interaction time (Ti) and fibre 
diameter as presented in Table 3.15. Interaction time (Ti) will be discussed later in 
chapter 6 however here this is appropriate to state the equation of Ti as below: 
 ௜ܶ ൌ ܸ݀ ሼݏ݁ܿሽ  
Where d (mm) is the spot size and V (mm/sec) is the cutting speed. Table 3.15 
presents used cutting speed ranges for each employed fibre, focal length and specific 
interaction time (Ti). 
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Table 3.15- Cutting speed (mm/min) for each employed fibre, focal length and Ti. 
200 µm 400 µm 600 µm 
Ti (ms) 120 mm 80 mm 120 mm 80 mm 120 mm 80 mm 
100 120 90 220 156 360 - 
80 150 112 280 195 450 - 
60 200 150 370 260 600 - 
40 300 225 550 390 900 - 
30 400 300 740 520 1200 - 
20 600 450 1100 780 1800 - 
10 1200 900 2200 1560 3600 - 
7 1700 - 3171 - 5100 - 
5 2400 1800 4550 3120 7200 - 
Table 3.16 presents brief results for cutting of 4 mm-thick sheet using 200 µm fibre. 
Table 3.16- Showing a concise table of cutting parameters used in maximum cutting speed 
experiment. Parameters were capable to cut the sheet, selected for next analysis (fibre diameter 
of 200 µm, spot size of 0.2 mm, focal length of 120 mm, 4 mm-thick mild steel, 12 bar N2). 
Seq. Ti(ms) V (mm/min) Target power(W) Real power(W) Result 
1 100 120 522 450 Cut 
2 100 120 500 430 No cut 
3 60 200 557 480 Cut 
4 60 200 534 460 Cut 
5 60 200 522 450 No cut 
6 30 400 924 800 Cut 
7 30 400 890 770 Cut 
8 30 400 866 750 No cut 
9 20 600 1039 900 No cut 
10 20 600 1096 950 Cut 
11 20 600 1062 920 No cut 
12 10 1200 1200 1384 No cut 
13 10 1200 1300 1458 Cut 
14 10 1200 1250 1441 No cut 
15 7 1700 1300 1800 No cut 
16 7 1700 1620 1866 Cut 
17 7 1700 1580 1820 No cut 
3.9 Kerf width measurement 
'XHWRDFFHOHUDWLRQDQGGHFHOHUDWLRQRIPDFKLQH¶VWDEOHDWWKHEHJLQQLQJDQGWKHHQG
of cutting process respectively, the kerf width should be measured at the middle of 
cut path where the cutting speed is steady. In order to increase the accuracy of 
measurement, the kerf width was measured in three points on each cut path as shown 
in Figure 3.30. 
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Figure 3.30- Illustrating the plan of kerf width measuring position on the cut sheet (mm).  
All cuts were observed and measured under a digital microscope (Keyence VHX-100 
Series Digital Microscope) and a 100x lens was used (Figure 3.31). 
 
Figure 3.31- Keyence VHX-100 Series Digital Microscope used to measure the kerf width [52]. 
 
Figure 3.32- Showing the top kerf and the measurement positions.  
Each position (1, 2 & 3 in Figure 3.30) was observed under a microscope and 
measured. In order to increase the accuracy of measurement, four points in each 
position (a total of 12 points in each cut path) were selected to measure as shown in 
Figure 3.32. 
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3.10 Surface roughness measurement 
One of the purposes of doing this experiment was to analyse the surface roughness of 
cut edge. After the kerf measurements, the surface of the workpiece was engraved by 
a marker and needle with arrows to show the direction of cut and numbers or codes 
showing the parameters of cut. The engraved sheet was chopped by guillotine and 
from each laser cut, two samples were made. 
 
Figure 3.33- Workpiece was engraved before chopping up.  
In order to study the surface roughness of the cut edge, three positions of every cut 
edge (upper, middle and lower surface of cut edge) were scanned by profilometer as 
shown in Figure 3.34. 
 
Figure 3.34- Showing the positions of surface roughness scan lines. (2 mm, 2 bar oxygen, 
1000 W, 5 m/min). 
Surface roughness analyses of the top, middle and bottom of the cut edge were 
measured by a Hobson precision CLI 100 profilometer (Figure 3.35).The sample was 
fixed by two magnets on the table of profilometer.  
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Figure 3.35- Hobson precision CLI 100 profilometer.  
In surface roughness analysis, two roughness parameters are more commonly used 
consisting of [112]:  
1- The arithmetical mean deviation of the profile, Ra, which is the mean value of 
the absolute value of the profile departure y within the reference length l as 
shown in  
2- Figure 3.36 (according to ISO 4287 and DIN 4768). 
 
Figure 3.36- A definition of surface roughness Ra [112]. 
3- The mean roughness depth, Rz, which is the arithmetical mean of the single 
roughness depths of successive sampling lengths le as indicated in  
4- Figure 3.37 (according to DIN 4768).  
 
Figure 3.37- A definition of surface roughness Rz [112]. 
f(x) 
ܴܽ = 1݈ න ȁ݂ሺݔሻȁ݈
0
݀ݔ 
ܴܼ = 1݊෍ܼ݊݊
1
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Ra is generally recognised in manufacturing engineering and it is the most employed 
international parameter of roughness which is why we used it in our research. 
In Figure 3.38, the surface roughness + waviness profile of the middle cut edge 
shown in Figure 3.34 is indicated. As can be seen, a type of waviness can be 
REVHUYHGLQWKHUHVXOWV7KLV LVGXHWR WKHZREEOHRIWKHODVHUPDFKLQH¶V WDEOH7KH
ZDYLQHVV FDQ EH ILOWHUHG RXW WKH UHVXOWV E\ WKH SURILORPHWHU¶V VRIWZDUH
(Figure 3.38B). The pitch of waviness is 2.5 mm ZKLOHWKHSLWFKRIWDEOH¶VOHDGVFUHZ
is 5 mm. The surface roughness profile can be obtained separately by the 
SURILORPHWHU¶VVRIWZDUHDV LOOXVWrated in Figure 3.38C. Due to the fact that the laser 
cutting is a non-contact cutting process, the dynamic behaviour of the laser cutting 
equipment affects the surface roughness profile as indicated in Figure 3.38. 
 
Figure 3.38- Indicating a result of surface roughness measured in the middle of cut edge shown 
in Figure 3.34. The length of sample is 17 mm. A) Surface roughness + waviness profile. The 
profile was calculated after a Gaussian filtering of 0.8 mm. B) Illustrating the waviness profile, 
the pitch of waviness= 2.5 mm. C) Showing the surface roughness, Ra =  2.2 µm.  
3.11 Laser piercing  
Every laser cutting process begins with a laser piercing process which creates a hole 
through the material to be used at the start of the cut. As a part of this research, the 
piercing process was investigated to understand how the initial hole is created and 
how the laser parameters affect that. 
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3.11.1 Experimental method  
An IPG fibre laser with maximum power of 2 kW, 1.06 Pm wavelength was used in 
the continuous wave mode. Powers in the range of 600 W to 2000 W were used. The 
laser beam was delivered into the cutting head by a 200 µm diameter optical fibre 
and focussed by a 120 mm focal length lens into a spot with a diameter of 200 µm. 
The focal position was on the top surface of the workpiece and the focus did not 
move with respect to its original position as piercing progressed. A 1 mm diameter 
nozzle was used to deliver the assist gas coaxially to the laser beam, the standoff 
distance between nozzle and sample surface was 1 mm. Table 3.17 briefly shows the 
parameters which were used in the piercing experiments. It should be noted that the 
laser was only on for the times stated, however the assist gas continued to flow for 
some time after the laser had been turned off. For each parameter setting, five holes 
were pierced and the results presented are the average values. 
Table 3.17- Briefly shows the laser powers, gas type and gas pressures in piercing experiments.  
Assist gas Laser power (W) 
Gas Pressure (bar) 600 800 1000 1200 1400 1700 2000 
N2 0.3  Ɣ Ɣ Ɣ Ɣ   
N2 2   Ɣ Ɣ Ɣ Ɣ Ɣ 
N2 4     Ɣ Ɣ Ɣ 
N2 8     Ɣ Ɣ Ɣ 
N2 12     Ɣ Ɣ Ɣ 
O2 0.3 Ɣ Ɣ Ɣ Ɣ Ɣ   
O2 2 Ɣ Ɣ Ɣ Ɣ Ɣ Ɣ Ɣ 
O2 4     Ɣ Ɣ Ɣ 
O2 8     Ɣ Ɣ Ɣ 
3.11.2 Nitrogen laser piercing  
The aim of this study is to consider the effects of nitrogen as an assist gas on hole 
growth, breakthrough time and hole geometry with increasing irradiation time. Every 
set of piercing experiments were started with a specified power and constant pressure 
as the irradiation time increased from 2 ms until the breakthrough time occurred 
(Table 3.18).  
Table 3.18- Parameters for nitrogen laser piercing. 
Power (W) Pressure (bar) Increasing irradiation time (ms) 
800 0.3  - - - 
« 
1000 0.3 2 - - - 
1200 0.3 2 - - - 
1400 0.3 2 4 8 12 
1700 - 2 4 8 12 
2000 - 2 4 8 12 
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3.11.3 Oxygen laser piercing  
The effect of oxygen on the laser piercing was examined. The experimental method, 
overall, was as same as the nitrogen piercing (Table 3.19). The results will compare 
with laser-nitrogen piercing in chapter 5. 
Table 3.19- Parameters for oxygen laser piercing. 
Power (W) Pressure (bar) Increasing irradiation time (ms) 
600 0.3 2 4 8 
« 
800 0.3 2 4 8 
1000 0.3 2 4 8 
1200 0.3 2 4 8 
1400 0.3 2 4 8 
1700  2 4 8 
2000  2 4 8 
3.11.4 Sample preparing  
Piercing parameters were engraved below every set of the pierced holes 
(Figure 3.39). The workpiece was kept on a plastic zipper bag with silica gel to avoid 
any rust on the workpiece. All holes were observed under the optical microscope and 
measured the diameter of upper and lower diameter (Figure 3.40).  
 
Figure 3.39- Engraving of workpiece.  
 
Figure 3.40- The upper and lower surface of the holes were observed and measured under an 
optical microscope.  
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In order to get an exact measure of the hole dimensions (depth, width) and also 
observe the heat affected zone (HAZ) and re-solidified zone (RSZ), each sample 
were sectioned, ground and etched in Nital 2%. After piercing experiments, the sheet 
was engraved and chopped to make the samples. Every sample included a set of five 
holes which were pierced by the same laser conditions and mounted in a conductive 
mounting resin. The main issue in the making of a hole cross section was working 
out the mid plane of the hole. The methodology is as follows: 
1) Gentle grinding  
2) Etch in nital 2% 
3) Taking a photo under an optical microscope. 
The taken photos were saved for future work. The procedure of sample grinding was 
important. Every sample was ground gently with a slight slope as is shown in 
Figure 3.41. To control the slight slope and also to avoid any diversion during 
grinding, a square tool frequently was used.  
 
Figure 3.41- Indicating the top view of a sample with inclined grinding lines.  
Two 3D view models of a ground sample are illustrated in Figure 3.42.  
 
Figure 3.42- 3D view of a ground sample. A) Beginning of grinding, B) continuing of grinding. 
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Figure 3.43 shows the photos of a sectioned sample which was pierced with a 2 kW 
laser and 8 bar nitrogen pressure at an irradiation time of 8ms. This was subsequently 
ground and etched in Nital 2%. By observation of all photos, the mid-plane of the 
hole was found. In the mid-plane position, there is a photo that its previous photo and 
its next photo have smaller width. This photo represents the mid-plane of the hole as 
marked in Figure 3.43. 
 
Figure 3.43- Etched cross section of holes pierced by 2000 W, 8 bar nitrogen at 8 ms irradiation 
time. 
3.11.5 Mapping of hole growth  
The photos were imported in AutoCAD using the image manager tool. Using the 
spline tool, a smooth curve was drawn around the hole, re-solidified zone and HAZ. 
With respect to the scale of photo (i.e. 400 µm) and the thickness of sheet (i.e. 2 mm) 
an appropriate scale was calculated. The calculated scale was then applied to the 
photo and curves using the scale tool of AutoCAD (Figure 3.44).  
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Figure 3.44- Showing a micro photo of the cross sectioned hole in AutoCAD. 
 
Figure 3.45- Indicating results brief from the AutoCAD. 
3.11.5.1 Basic information to read the hole growth maps 
All maps were drawn under the ISO drawing standards of 128 using AutoCAD [113, 
114] and have the relevant information with a brief legend. In all maps, every type of 
hatch illustrates specific information. In this research the hatch of ANSI31 was used 
for base material, AR-HBONE for resolidified zone (RSZ) and SOLID for heat 
affected zone (HAZ) as shown in Figure 3.46. 
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Figure 3.46- Three sorts of hatch were used in the maps. 
In sporadic penetration, a continues line was used to show the hole shape that 
happens very often and dash line (ISO 03100W) used to indicate the other observed 
shapes.  
All hole growth maps were made up with appropriate dimensions according to 
ISO25 to show how the hole size and melt (e.g. upper and lower diameters, depth) 
grow with increasing irradiation time. On the top of each map, the irradiation time 
for each hole has been written. Additionally, in some maps there is some extra 
information about sporadic penetration, air traps and recast effects which are all 
necessary in understanding the details of the hole growth.  
3.12 Piercing with nitrogen ± cutting with oxygen  
The aim of this experiment is to decrease the diameter of the start-up hole at the 
beginning of oxygen laser cutting of mild steel. This method is an innovative idea 
which could lead to a decrease wastage material. At the beginning of each cut, the 
laser beam must pierce an initial hole into the sheet. This hole usually is larger than 
the kerf size hence one has to locate the initial hole at the region outside the 
demanded profile bring about wastage material. This idea was mainly established on 
the basis of the piercing experiments results which will be discussed in chapter 5. In 
this new method the start-up hole is pierced by nitrogen then laser cutting is carried 
on by oxygen. A sub-nozzle, also known as a piercing nozzle, with an angle of 40º 
from the main nozzle supplies nitrogen pressure into the initial hole zone 
(Figure 3.47). 
Two different views of the oxygen nozzle tip position in relation to the nitrogen 
nozzle are shown in Figure 3.48 which were placed on the surface of sheet with 
stand-off distance of 1 mm. In order to ensure that the piercing nozzle was focused 
on the same point with the main nozzle, it was controlled by the red guide beam 
through the main nozzle and a normal light irradiation through the nitrogen nozzle 
ANSI13 AR-HBONE SOLID 
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towards the main nozzle tip. If the light irradiates the zone below the oxygen nozzle 
tip around the red beam, it means that the piercing nozzle is located at a correct 
position. The orifice diameter of the main nozzle was 1 mm and for the piercing 
nozzle it was 3 mm.  
 
Figure 3.47- Machine setup. Piercing nozzle angle is 40° from the horizontal.  
Some piercing and cuttings with different parameters were carried out to consider the 
feasibility study of this idea. The piercing and cutting parameters are shown in 
Table 3.20. The stand-off distance was 1 mm, fibre diameter 200 µm and focal point 
was on the surface of workpiece. 
 
Figure 3.48- Showing the position of piercing nozzle in relation to the main nozzle in two views.  
Table 3.20- Parameters of piercing and cutting experiment. 
Piercing Cutting 
3 bar nitrogen pressure 2 bar oxygen pressure 
Power Irradiation time Power Cutting speed 
1200 W 24 ms 1000 W 4000 mm/min 
1200 W 28 ms 1000 W 4000 mm/min 
1200 W 30 ms 1000 W 5000 mm/min 
1200 W 32 ms 1000 W 6000 mm/min 
1500 W 20 ms 1500 W 6000 mm/min 
1500 W 20 ms 1500 W 5000 mm/min 
1500 W 20 ms 1500 W 4000 mm/min 
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4 Preliminary laser cutting results 
4.1 Overview 
In this chapter the initial experimental results of fibre laser cutting of cold rolled mild 
steel sheet are presented. The purpose of this chapter is to understand the general 
characteristics of laser cutting in terms of kerf width, surface roughness, cut surface 
characterisation and striation pattern. The effect of two different gases, one active 
and one inert, (i.e. oxygen and nitrogen) on the cutting process will be investigated 
using a variety of cutting speeds and different powers. During laser cutting, a jet of 
assist gas exerts pressure on the melt layer to eject it through the bottom of the kerf. 
Interaction of melt layer with an active assist gas causes a chemical reaction which 
may affect the cutting process.  
The first sections cover the kerf width results. The next sections then present the 
HAZ and dark zone around the kerf. Following sections consider the surface 
roughness characteristics and the striation pattern. The effect of different optics and 
gas pressures on the kerf width in nitrogen laser cutting will be investigated. A 
comparison between nitrogen and oxygen cutting and the main results of these initial 
experiments are summarised at the end of the chapter.  
Oxygen and nitrogen have different influences on the cutting process. Hence the 
employed cutting parameters for each gas are different in terms of cutting speed and 
gas pressure. Here, it is appropriate to restate some parameters which were employed 
for this sequence of experiments. These are presented in Table 4.1.  
Table 4.1- Showing some parameters employed in oxygen and nitrogen cutting. 
Descriptions Values 
Sheet thickness 1-3 mm 
Laser power 250 ± 1500 W 
Cutting speed For N2: 400-2000  mm/min For O2: 4000-6000 mm/min 
Assist gas type and pressure 2 bar oxygen, 8-12 bar nitrogen 
Focused beam diameter 0.2 mm on the top surface of sheet 
Focal length of lens 120 mm 
Focal length of collimator 125 mm 
4.2 Kerf width  
The following graphs present the upper and lower kerf width measurements whilst 
the bar charts present the ratio of kerf width to focused beam diameter in oxygen and 
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nitrogen laser cutting and for different laser parameters and sheet thicknesses. Error 
bars show the variation in measurement of the kerf width at five different points for 
each cut. All cuts were fulfilled using fibre of 200 µm and focal length of 120 mm. 
4.2.1 Fibre laser-oxygen cutting 
Throughout this section, each point in the graphs represents the results of three cuts. 
Figure 4.1 shows the results of upper and lower kerf width measurement when 
oxygen laser cutting of 2 mm thick mild steel sheet with power of 1000 W. As can be 
seen in the figure, there is a slight variation in upper and lower kerf width as the 
cutting speed increases from 4000 to 6000 mm/min. At the speed of 4000 mm/min, 
the top kerf width is 0.57 mm, then which decreases to 0.49 mm for 5000 mm/min 
before raising to 0.51 mm as the cutting speed increases to 6000 mm/min.  
 
Figure 4.1- Upper and lower kerf width (2 mm, 1000 W, 2 bar oxygen). 
Figure 4.2 indicates that, when using a power of 1500 W, the kerf width increases 
slightly with increasing cutting speed. The upper kerf width is just 0.50 mm at 
4000 mm/min and then increases to 0.55 mm with an increase in cutting speed to 
5000mm/min. The kerf widths are approximately the same for 5000 to 6000mm/min. 
 
Figure 4.2- Upper and lower kerf width (2 mm, 1500 W, 2 bar oxygen). 
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In Figure 4.2, similar to the cutting with 1000 W (Figure 4.1), the lower kerf width 
becomes greater than the upper kerf as the cutting speed increases; However a 500 W 
increase in the power has only a slight effect on the kerf width (compare Figure 4.1 
with Figure 4.2).  
It must be emphasized that for both applied powers the average kerf width at the top 
and bottom is significantly wider than the focused beam diameter of 0.2 mm. 
In order to find out the effect of sheet thickness on the kerf width, the experiments 
were repeated on thinner sheets with 1.6 mm (20% less than 2 mm) and 1 mm (50% 
less than 2 mm) thickness. The results of kerf width measurement are indicated in 
Figure 4.3 to Figure 4.6. 
As seen in Figure 4.3 for laser cutting of 1.6 mm sheet, the kerf widths slightly 
decrease with increasing cutting speed which is not substantial. The upper kerf width 
is 0.48 mm at 4000 mm/min and then decreases to 0.45 mm as cutting speed 
increases to 6000 mm/min. The kerf widths are approximately the same for 
4000 mm/min to 5000 mm/min. The same trend can be observed for the lower kerf 
width. 
Figure 4.4 shows that, using a power of 1500 W the upper kerf width is almost 
constant with any increase in cutting speed, whilst there is a small variation in the 
lower kerf width. The average upper kerf width is 0.55 mm, which is 17% larger than 
that is obtained by 1000 W (i.e. 0.47 mm). For all employed laser conditions, the kerf 
width is bigger than the spot size (i.e. 0.2 mm).  
 
Figure 4.3- Upper and lower kerf width (1.6 mm, 1000 W, 2 bar oxygen). 
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Figure 4.4- Upper and lower kerf width (1.6 mm, 1500 W, 2 bar oxygen). 
Kerf width results for laser cutting of 1mm-thick plate are shown in Figure 4.5 and 
Figure 4.6 for different powers. As can be seen in Figure 4.5, the upper kerf width is 
almost constant with increasing cutting speed, and the same trend can be observed 
for lower kerf width. Figure 4.6 shows that the changes in the upper and lower kerf 
widths with increasing cutting speed are not significant and are almost constant.  
 
Figure 4.5- Upper and lower kerf width (1 mm, 1000 W, 2 bar oxygen).  
 
Figure 4.6- Upper and lower kerf width (1 mm, 1500 W, 2 bar oxygen).  
Similar to thicknesses of 2 mm and 1.6 mm, the kerf widths for the 1 mm sheet are 
also wider than the focused beam diameter. 
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4.2.1.1 Comparison of the kerf widths 
A comparison of kerf width from the 2 mm, 1.6 mm and 1 mm sheets (Figure 4.1, 
Figure 4.2, Figure 4.3, Figure 4.4, Figure 4.5 and Figure 4.6) indicates that, in the 
range of applied cutting speed, the upper kerf width is almost the same. Comparison 
shows that, for a given thickness, the upper and lower kerf widths increase very 
slightly with increasing power. For example, in this range of cutting speed when 
cutting 2 mm sheet with a power of 1000 W the average upper and lower kerf widths 
are 0.52 and 0.53 mm. These values increase to 0.53 and 0.55 mm when the power is 
increased to 1500 W. For a given power, the upper and lower kerf widths for 2 mm 
are almost the same. However, for 1.6 mm and 1 mm the upper kerf is wider than the 
lower kerf. It may be a key point that, in the range of employed laser parameters, 
there is a little effect on the kerf width. Figure 4.7 shows a comparison of upper kerf 
widths for different thicknesses and different powers with increasing cutting speed. 
As is seen, in the range of applied parameters, there is a little influence on the top 
kerf. The range of kerf width is between 0.4 mm to 0.6 mm. In general, the upper and 
lower kerf widths are constantly significantly greater than the spot size. 
 
Figure 4.7- Comparison of upper kerf widths for different thicknesses and powers. The range of 
kerf width is shown by two lines between 0.4 mm to 0.6 mm. Focused spot size is 0.2 mm on the 
surface of sheet (2 bar oxygen). 
Figure 4.8 illustrates the ratio of upper and lower kerf width to the laser spot size (i.e. 
0.2 mm) in oxygen laser cutting of 2 mm thick mild steel. The ratio of the kerf width 
to the spot size clearly shows how much larger the kerf width is than the focussed 
beam diameter. This shows that, on average, the upper kerf widths are 2.61 and 2.67 
times greater than the spot size for 1000 W and 1500 W respectively. These ratios for 
lower kerf are 2.67 and 2.73. For previous work done by this laser with the same 
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laser parameters [52], these ratios were 2.5 and 2.55. So, the present result is in 
agreement with the SUHYLRXVZRUN¶VUHVXOWV 
 
Figure 4.8- Upper and lower kerf width per spot size vs cutting speed (2 mm, 2 bar oxygen). 
Figure 4.9 shows that, on average, for 1.6 mm the ratios of upper kerf width per spot 
size are 2.35 and 2.72 when using power of 1000 and 1500 W respectively. These 
ratios for lower kerf are 1.90 and 2.23. All ratios are often in agreement with the 
previous work done with this laser [52]. A comparison between 2 mm and 1.6 mm 
(Figure 4.8 and Figure 4.9) indicates that, as the thickness decreases, the ratio of 
upper kerf width per spot size on average decreases only from 2.64 to 2.54. The 
lower kerf width per spot size decreases from 2.7 to 2.1, which is considerable.  
 
Figure 4.9- Upper and lower kerf width per spot size vs cutting speed (1.6mm, 2 bar oxygen). 
The ratios of upper kerf width per spot size in laser cutting of 1 mm are 2.4 and 2.75 
for powers of 1000 and 1500 W (Figure 4.10). These ratios for lower kerf are 1.82 
and 2.1. In previous research [52] which was done by the same fibre, the same 
material and the same laser conditions, these ratios on average were 2.41 and 2.0 for 
upper and lower kerf respectively.  
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Figure 4.10- Upper and lower kerf width per spot size vs cutting speed (1 mm, 2 bar oxygen). 
4.2.1.2 Discussion of kerf width  
In general, the lower kerf width is narrower than the upper kerf when the laser beam 
is focused on the top surface of sheet [31, 52]; However, results show that the lower 
kerf width may become the same or slightly greater than the top (Figure 4.1 and 
Figure 4.2). It should be mentioned that, in the range of applied laser cutting, the 
lower kerf width in 1.6 mm and 1 mm, on average, was 23% to 30% less than the 
upper kerf width. This indicates that the thickness of sheet has an effect on the lower 
kerf width. Kerf width profile for sheet thickness of 1 and 2 mm is shown in 
Figure 4.11.  
 
Figure 4.11- Kerf width profile when cutting 1 mm (1000 W, 6000 mm/min) and 2 mm (1000 W, 
4000 mm/min) with 2 bar oxygen.  
The average top kerf width, when cutting 1.6 mm with 1000 W, is 0.47 mm, which is 
11% less than that is measured for cutting of 2 mm (i.e. 0.53 mm). In other words 
under the same laser conditions a 20% decrease in the material thickness results in 
11% decrease in the kerf width (Figure 4.1 and Figure 4.3). 
In the range of employed laser conditions and with the different cutting speeds and 
different powers, there is a little effect on the kerf width. 
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It is well understood that the melt flow behaviour is reflected in the patterns of 
solidified melt on the cut edges [22]. As the melt flows down the kerf, the lower cut 
edge is influenced by laser melting, and it can be said that, in addition to the 
absorption of the laser beam by the cut front, some other phenomena may influence 
the upper and lower kerf width. Turbulence in the low viscosity melt flow affects the 
semi-melted surface of the kerf and somehow causes a more melting on the cut edge 
[115]. This turbulence happens close to the bottom of the kerf where there is a 
thicker melt layer and the laser beam is reflected [116]. These phenomena may affect 
the lower kerf width to become wider temporarily. 
In summary, the upper and lower kerf widths, when cutting 2 mm-thick mild steel 
with 2 bar oxygen, are approximately the same, whilst for the 1.6 mm and 1 mm 
results, the upper kerf is wider than the lower kerf. Both upper and lower kerf widths 
are wider than the focused spot size (i.e. 2.5 times on average), which is in agreement 
with other relevant published researches from the laser used in this work and works 
published by an entirely independent group [31, 52]. 
4.2.2 Fibre laser-nitrogen cutting 
The results of kerf width measurements are illustrated in Figure 4.12 to Figure 4.15. 
Error bars indicate the variation of kerf width during measurement. Overall, the 
graphs show that the upper kerf width is wider than the lower kerf. The kerf width 
generally is wider than the focused spot size (i.e. 0.2 mm). In general and under the 
applied laser condition, the upper and lower kerf widths vary when the cutting speed 
increase from 400 mm/min to 2000 mm/min. At the cutting speed of 2000 mm/min 
the difference between upper and lower kerf width reduces. This indicates a low 
taper in the kerf profile. The upper and lower kerf width slightly increases with 
power (see Figure 4.12 to Figure 4.15).  
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Figure 4.12- Upper and lower kerf width (2 mm, 1000 W, 12 bar nitrogen).  
 
Figure 4.13- Upper and lower kerf width (2 mm, 1500 W, 12 bar nitrogen). 
 
Figure 4.14- Upper and lower kerf width (1 mm, 1000 W, 12 bar nitrogen). 
 
Figure 4.15- Upper and lower kerf width (1 mm, 1500 W, 12 bar nitrogen). 
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4.2.2.1 Comparison of the kerf widths 
Considering all kerf width results, in fibre laser nitrogen cutting of thin plate mild 
steel (i.e. less than 2 mm) and under the employed cutting parameters the upper kerf 
width is in the range of 0.24 mm to 0.37 mm as presented in Figure 4.16. The spot 
size in this set of experiments was 200 µm, and the key point is that the kerf width is 
larger than the focused spot size. 
 
Figure 4.16- Comparison of upper kerf width for a variety of thicknesses and powers, with 
12 bar N2. The range of kerf width is shown by two lines between 0.24 mm to 0.37 mm. Focused 
beam size is 0.2 mm on the surface of sheet (12 bar nitrogen). 
Overall, under the employed laser cutting conditions, the upper and lower kerf width 
increase with power. The ratio of upper and lower kerf width to the focused beam 
size for sheets of 2 mm and 1 mm are presented in Figure 4.17 and Figure 4.18. The 
upper kerf width for 2 mm with power of 1000 W is 1.43 times (on average) the 
focussed beam diameter (i.e. 0.2mm). This ratio increases to 1.6 as power increases 
to 1500 W. For the lower kerf width, these ratios are 1.2 and 1.33 for powers of 
1000 W and 1500 W respectively (Figure 4.17). When cutting 1 mm thick steel, the 
ratio of upper kerf width to focused beam increases from 1.34 to 1.53 as powers raise 
from 1000 W to 1500 W. This ratio for lower kerf is 1.14 to 1.28 (Figure 4.18).  
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Figure 4.17- Upper and lower kerf width per spot size vs cutting speed (2 mm, 12 bar nitrogen). 
 
Figure 4.18- Upper and lower kerf width per spot size vs cutting speed (2 mm, 12 bar nitrogen). 
4.2.2.2 Discussion of kerf width  
Overall, the lower kerf width is narrower than the top. This is because, depends on 
the employed power and cutting speed and on the base of Brewster angle, the laser 
beam directly penetrates to the specify depth and lateral of the upper part of the 
sheet, but the lower part is just irradiated by a reflection of the beam [50, 59]. 
Therefore, it is reasonable to assume that the upper part of sheet receive more energy 
than the lower part. Hence the upper kerf is wider than lower kerf as a result of heat 
conduction. At higher cutting speed (e.g. 2000 mm/min), the upper kerf width 
decreases. This is because, as the cutting speed is increased, the interaction time 
between laser and workpiece decreases so there is less opportunity for the laser to 
penetrate laterally. Hence the upper kerf starts to decrease. 
4.2.3 Comparison of kerf width in oxygen and nitrogen laser cutting 
Comparison of the kerf width results in oxygen and nitrogen laser cutting reveals that 
in the range of applied laser cutting parameters, the kerf width in oxygen cutting is 
1.5 to 2.0 times the kerf width in nitrogen assisted cutting as shown in Figure 4.19 
and Figure 4.20 for two thicknesses of 1 mm and 2 mm. In laser-oxygen cutting, 
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oxygen reacts with melt and adds significant energy to the melting zone [9]. It can 
widen the melting area laterally [4]. Moreover, due to the possible waveguiding 
effect of the FeO in the melt, a multiple reflection of the beam happens throughout 
the melting zone boosting the kerf widening [52]. In contrast, nitrogen does not react 
with the iron melt hence the kerf width for nitrogen cutting is narrower than that for 
oxygen cutting. 
 
Figure 4.19- Upper kerf width versus power for different assist gas and cutting speed (1 mm, 
2 bar oxygen, 12 bar nitrogen).  
 
Figure 4.20- Upper kerf width versus power for different assist gas and cutting speed (1 mm, 
2 bar oxygen, 12 bar nitrogen). 
4.3 Heat affected zone (HAZ) and oxidation mark 
4.3.1 Fibre laser oxygen cutting 
4.3.1.1 Oxidation mark 
On the upper and lower surface of the sheet, a dark zone can be seen in the both sides 
of the cut path as presented in Figure 4.21. As can be seen, the width of this dark 
zone on the lower surface is wider than that on the upper surface. EDS examination 
of the dark zone revealed the presence of oxygen. Figure 4.22 qualitatively indicates 
that, in the dark zone, the amount of oxygen gradually increases, with decrease in the 
iron, towards the cut edge, indicating that this is a product of heating and oxidation. 
Hence this zone is called the oxidation mark. 
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Figure 4.21- Oxidation mark. A) Upper kerf. B) Lower kerf. (2 mm-thick sheet, 1500 W, 
6000 mm/min, 2bar oxygen). 
 
Figure 4.22- EDS examination of the dark zone on the upper surface of sheet close to the cut 
edge (2 mm- thick sheet, 1500 W, 4000 mm/min, 2 bar oxygen).  
The EDS examination of the oxidation mark on the lower surface of the sheet is 
indicated in Figure 4.23. An interface of melted and unaffected surface can be 
observed. The dark width is started from the boundary of the dark zone to the 
interface line. The amount of oxygen in the dark zone increases towards the cut edge 
with a decrease in iron until the interface of melted/unaffected material is reached. 
Beyond this, the amount of oxygen rapidly decreases. 
 
Figure 4.23- EDX examination of the dark zone on the lower surface of sheet close to the cut 
edge. Dark width position is shown. (2 mm-thick sheet, 1500 W, 4000 mm/min, 2 bar oxygen). 
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The dark width was measured from the beginning of the dark zone to the cut edge 
(Figure 4.24 to Figure 4.26). In the range of the applied laser cutting parameters, the 
oxidation mark width slightly reduces with increasing cutting speed. For both 
powers, the lower oxidation width is approximately 50% larger than the upper width. 
Larger error bars in the lower kerf are due to larger oxidation marks. The effect of 
power on the oxidation increases with thickness also the effect of cutting speed is 
more pronounced for thicker thickness.  
 
Figure 4.24- Oxidation width versus cutting speed for different powers (2 mm, 2 bar oxygen). 
 
Figure 4.25- Oxidation width versus cutting speed for different powers (1.6 mm, 2 bar oxygen). 
 
Figure 4.26- Oxidation width versus cutting speed for different powers (1 mm, 2 bar oxygen). 
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4.3.1.2 Heat affected zone (HAZ) 
The heat affected zone inside the base material was observed by polishing and 
etching the cut edge as presented in Figure 4.27 for different thicknesses. As can be 
seen, the width of the HAZ on the lower part of the cut edge is larger than that is on 
the upper part.  
 
Figure 4.27- The dark thin width on the right edge of the samples indicates the HAZ. Black line 
added to indicate edge of the HAZ (1000 W, 4000 mm/min, 2 bar oxygen).  
The results of HAZ width on the upper and lower part of the cut edge for different 
thicknesses, cutting speed and powers are presented in Figure 4.28 to Figure 4.30. 
For all thicknesses, the upper HAZ width is less than the lower HAZ width. In the 
range of applied cutting speed, the lower HAZ width in 2 mm and 1.6 mm 
(Figure 4.28 and Figure 4.29) slightly increases with cutting speed, but the upper 
HAZ width slightly decreases. However, this trend cannot be observed after cutting 
1 mm (Figure 4.30). For the 1 mm sheet, the upper and lower widths are almost 
constant. For all tested thicknesses, there is no significant difference in the width of 
the HAZ when the power increases from 1000 W to 1500 W. In summary, the lower 
HAZ increases with thickness. Power and cutting speed have a little effect on the 
HAZ. 
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Figure 4.28- Width of HAZ versus cutting speed (2 mm, 2 bar oxygen). 
 
Figure 4.29- Width of HAZ versus cutting speed (1.6 mm, 2 bar oxygen). 
 
Figure 4.30- Width of HAZ versus cutting speed (1 mm, 2 bar oxygen). 
4.3.1.3 Discussion of the oxidation mark and HAZ  
4.3.1.3.1 Dark zone around the cut path is an oxidation mark.  
EDS examination qualitatively reveals that the dark zone around the kerf has been 
enriched with oxygen. This is consistent with it being an oxidation zone. This 
oxidation zone is a product of hot metal reacting with the oxygen flow. 
4.3.1.3.2 The oxidation mark width for lower surface is larger than the upper surface.  
The width of oxidation zone on the lower surface is approximately twice the upper 
width. This difference indicates that more heat has been conducted laterally at the 
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bottom. Moreover, the thickness of the melt flow increases towards the bottom of the 
kerf as does the temperature of melt flow in the cutting zoon. Also, the measured 
oxidation width includes the melt thickness (§ 4.3.1.1). A combination of these 
causes larger heat conduction, resulting in a wider oxidation zone at the bottom of 
kerf.  
4.3.1.3.3 The width of the oxidation zone slightly reduces with increasing cutting speed. 
This is because, as the cutting speed is increased, the interaction time between laser 
beam and the cutting zone decreases. Hence the heat input per cut length decreases 
and the extent of heat conduction decreases. On the other hand the effect of oxygen 
jet is moving on. A combination of these, results in a slight decrease in the width of 
the oxidation zone.  
4.3.1.3.4 The oxidation mark decreases slightly with a decrease in the sheet thickness.  
As the sheet thickness decreases, both the upper and lower oxidation mark decreases 
slightly. For sheet thickness of 1.6 mm and 1 mm, the width of the oxidation mark is 
less than that for the 2 mm sheet. This is because the heat conduction into the 
material decreases with a decrease in the sheet thickness. This was experienced 
directly by touching the cut sheets a few seconds after cutting. From this simple test, 
it was realised that the sheet was hotter when it was thicker. 
4.3.1.3.5 Overall, the width of the lower HAZ is larger than the upper HAZ. 
As the laser penetrates the sheet and moves forwards, new melt is produced from all 
parts of the cut front, which flows down the kerf. The melt layer thickness slightly 
increases as it flows down the kerf (see Figure 4.22 and Figure 4.23). Increase in the 
melt thickness causes the lateral heat conduction to increases. Hence, the HAZ for 
the lower part of cut edge is larger than that for upper cut edge as a result of heat 
conduction.  
4.3.1.3.6 The HAZ width increases with sheet thickness. 
When the sheet thickness is increased from 1 to 2 mm, firstly, for a given power and 
cutting speed, the melt mass flow rate and the melt layer thickness increase. 
Secondly, the length of cutting front increases thus there is more opportunity for heat 
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to conduct to the cut edge as the melt flows down the kerf. These two phenomena 
will make the HAZ deeper as a result of heat conduction.  
4.3.1.3.7 There is no relation between the width of oxidation and HAZ 
In general, the width of oxidation is larger than the HAZ, however, there is no 
relation between the width of HAZ and oxidation mark. This is because, the process 
of HAZ generation is different from oxidation mark. The heat conduction from the 
cutting zone and subsequent re-cooling causes the HAZ from the cut edge to the 
termination of the sensitizing temperature in the base metal. However, the oxidation 
mark is generated by a reaction between oxygen and the hot surface of the sheet. 
4.3.2 Fibre laser nitrogen cutting 
4.3.2.1 Dark zone around the kerf 
Around the upper kerf in nitrogen cutting, sometimes a dark zone can be observed, as 
presented in Figure 4.32. However, this dark zone is always seen around the lower 
kerf. EDS examination indicated that this dark zone is an area enriched with a 
combination of oxygen. As can be seen in Figure 4.31 the amount of oxygen 
qualitatively increases slightly towards the cut edge. Nitrogen was not observed on 
the EDS examination.  
 
Figure 4.31- EDS examination qualitatively shows the presence of oxygen on the surface of cut 
sample (1500 W, 800 mm/min, 12 bar nitrogen). 
From Figure 4.32 when the power and cutting speed are increased, the dark zone 
around the upper kerf gradually gets less dark (B). For a specific combination of 
cutting parameters, the dark zone disappeared (C). However, this trend was not 
observed for the lower kerf. 
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Figure 4.32- Upper and lower kerf width when laser cutting of 1mm thick mild steel sheet with 
12 bar nitrogen. A) 250 W, 200 mm/min.  B) 400 W, 800 mm/min. C) 600 W, 2400 mm/min.  
In nitrogen laser cutting of mild steel, the HAZ width increases from the upper cut 
edge towards the bottom, as presented in Figure 4.33. Much more variation is seen 
than was seen for oxygen cutting (compare Figure 4.33 and Figure 4.27). 
 
Figure 4.33- Heat affected zone in nitrogen laser cutting for three different thicknesses (1200 W, 
1000 mm/min). 
The upper and lower width of the HAZ versus cutting speed for different thicknesses 
and powers are shown in Figure 4.34 to Figure 4.36. According to the results, for the 
range of applied laser cutting parameters, the upper and lower HAZs decrease 
slightly with increasing cutting speed. In the range of employed cutting parameters, 
the power has had a small effect on the HAZ width. When cutting 3mm thick plate, 
the lower HAZ width for 800 W is larger than that for 1200 W, whilst the upper 
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HAZ width for 1200 W is more than that made by 800 W (Figure 4.34). Comparing 
cutting of 2 mm and 1 mm thicknesses, no significant change of HAZ with power 
was observed, but it very slightly decreases with cutting speed. 
 
Figure 4.34- Width of HAZ when cutting 3 mm thick mild steel with 12 bar nitrogen. 
 
Figure 4.35- Width of HAZ when cutting 2 mm thick mild steel with 12 bar nitrogen. 
 
Figure 4.36- Width of HAZ when cutting 1 mm thick mild steel with 12 bar nitrogen. 
A comparison of upper and lower HAZ width (Figure 4.34-Figure 4.36) indicates 
that for a given power and cutting speed (e.g. 1200 W, 400 mm/min) the upper and 
lower HAZ for 3 mm thick sheet are 0.26 mm and 0.48 mm. When power decreases 
to 800 W, the upper and lower HAZ are 0.23 and 0.51 mm. The upper and lower 
HAZ for 1 mm sheet are 0.14 mm and 0.19 mm and do not change with power. The 
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results show that the effect of power on the upper and lower HAZ is considerable for 
thicker material (e.g. 3 mm). At the same power (1200 W) as the cutting speed is 
increased to 1000 mm/min, the upper and lower HAZ for 3mm thick sheet are 
0.2 mm and 0.47 mm. These values for 2mm are 0.14 mm and 0.33 mm. For 1 mm 
sheet, these are 0.13 mm and 0.18 mm. This shows that the effect of speed on the 
HAZ is considerable for thicker plate.  
4.3.2.2 Discussion of the dark zone and HAZ 
4.3.2.2.1 The dark zone around the cut after nitrogen laser cutting is a product of heat, 
oxygen.  
During nitrogen laser cutting of mild steel, an oxidation reaction happens because the 
hot metal is in contact with the air containing oxygen. The oxidation reaction on the 
surface of mild steel sheet looks like a dark zone. 
4.3.2.2.2 The dark zone around the upper kerf is dependent on the cutting speed and 
power and this disappears as the power and cutting speed increase.  
As the cutting speed increases, the interaction time between the laser beam and the 
cutting front decreases. Therefore, the time for any further lateral heat conduction 
into the upper surface of the sheet decreases resulting in a reduction in the upper 
surface temperature. The reduction in the upper surface temperature of the sheet 
brings about a decrease in the oxidation.  
4.3.2.2.3 The dark zone is always observed around the lower kerf. 
In contrast with the upper kerf, the dark zone is always seen around the lower kerf. 
This indicates that the heat conduction in the lower kerf is higher than the upper kerf. 
The main reason of this is that the heat is transported by the melt movement and gas 
flow from the upper kerf to the lower kerf. Moreover, the thickness of the retained 
melt layer on the cut front rises from the top towards the bottom (Figure 4.33). 
Furthermore, the hot dross clung to the lower cut edge is as a source of heat 
(Figure 4.32). The heat from these sources (melt + dross) is conducted laterally into 
the base material, sustaining the temperature of the lower sheet surface. This then 
reacts with the oxygen existing in the air and contamination on the surface of sheet 
respectively.  
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4.3.2.2.4 The HAZ on the bottom of the cut edge is larger than that on the top.  
As the melt flows down the cutting front, the heat is conducted laterally into the solid 
base material. From the micrographs of the HAZ (Figure 4.33) it is found that the 
retained melt on the cut edge increases from the top towards the bottom of the kerf. 
Moreover, the hot dross clings to the lower kerf. These residual melts (retained melt 
and dross) pass their heat into the solid base material, increasing the HAZ depth on 
the bottom of the cut edge.  
4.3.2.2.5 The HAZ width decreases with increasing cutting speed. 
The decrease in the melt temperature with increasing cutting speed (see 4.3.2.2.2) 
causes a reduction in the HAZ width as a result of heat conduction.  
4.3.2.2.6 The HAZ width increase with sheet thickness 
With the same cutting parameters, a thicker sheet has a longer cutting front in 
comparison with a thinner sheet, so the heat has further time to transfer to the cut 
edge as the melt moves down the cutting front. Furthermore, for laser cutting of a 
thick sheet, more material is melted in comparison with a thinner plate; and the 
micrographs of the HAZ (Figure 4.41) indicates that the residual melt on the cut edge 
for thicker plate is more than that for a thinner sheet. These phenomena will make 
the HAZ deeper for thick material as a result of heat conduction. 
4.3.3 Comparison of the HAZ between oxygen and nitrogen laser cutting 
x For both employed gases the upper dark zone decreases with cutting speed.  
x Nitrogen protects the hot metal from the oxidation; therefore the relationship 
between HAZ and oxide marks is different from the laser-oxygen cutting. 
x When cutting with oxygen the dark zone can always be observed on the top and 
bottom of the kerf, but when using nitrogen, the oxidation zone on the upper 
surface disappears with increasing cutting speed. 
x For both applied gases, the width of the HAZ on the lower part of cut edge is 
larger than that for the upper part.  
x The amount of HAZ for laser-nitrogen cutting is 2 to 2.7 times larger than that for 
laser-oxygen cutting. The cross sectioned, polished and etched cut edge indicates 
that there is a relatively thick re-solidified melt layer lining the cut edge after 
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nitrogen cutting. This feature is not observed for the oxygen cut edge (compare 
Figure 4.27 with Figure 4.33).  
4.4 Surface roughness results 
One of the most interesting issues in the laser cutting process is the cut surface 
quality. This is particularly true for commercial laser cutting, in which the highest 
quality is often demanded. In order to find out more about the characteristics of the 
cut edge, after measurement of the kerf width, the surface roughness of both sides of 
the kerf were investigated in three positions: top, middle and bottom of the cut edge 
as shown in Figure 4.37. As is seen, the striations are typical of the laser-cut surfaces 
and produce the Ra values. The results of this investigation are presented in this 
section.  
 
Figure 4.37- Showing the positions of surface roughness scan lines. (2 mm, 0.2 mm spot size, 
2 bar oxygen, 1000 W, 5000 mm/min). 
4.4.1 Fibre laser-oxygen cutting 
The variations of surface roughness (Ra) versus cutting speed for three different 
positions of top, middle and bottom of the cut edge are presented in Figure 4.38 to 
Figure 4.43 for sheet thicknesses of 2 mm, 1.6 mm and 1mm using a power of 
1000 W and 1500 W. As can be seen in these figures, the roughest part of the cut 
edge is observed at the lower part of the cut edge and the smoothest region is 
observed at the middle. 
In laser cutting of 2 mm-thick sheet using 1500 W, as the cutting speed increases 
from 4000 to 6000 mm/min, the surface roughness values slightly decreases 
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(Figure 4.38). When using 1000 W, as the cutting speed increases from 4000 to 
5000 mm/min, the surface roughness values slightly decreases before a little rising as 
speed is increased to 6000 mm/min (Figure 4.39). 
In the range of employed cutting speeds and powers, when laser cutting of 1.6mm 
and 1mm sheets, the Ra values of the middle and upper cut edge are approximately 
the same (Figure 4.40 to Figure 4.43). In each case, the lower area of the cut has the 
highest Ra value.  
 
Figure 4.38- The surface roughness (Ra) versus cutting speed at different position on the cut 
edge (1500 W, 2 bar oxygen, 2 mm thick sheet).  
 
Figure 4.39- The surface roughness (Ra) versus cutting speed at different position on the cut 
edge (1000 W, 2 bar oxygen, 2 mm thick sheet). 
 
Figure 4.40- The surface roughness (Ra) versus cutting speed at different position on the cut 
edge (1500 W, 2 bar oxygen, 1.6 mm thick sheet). 
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Figure 4.41- The surface roughness (Ra) versus cutting speed at different position on the cut 
edge (1000 W, 2 bar oxygen, 1.6 mm thick sheet). 
 
Figure 4.42- The surface roughness (Ra) versus cutting speed at different position on the cut 
edge (1500 W, 2 bar oxygen, 1 mm thick sheet). 
 
Figure 4.43- The surface roughness (Ra) versus cutting speed at different position on the cut 
edge (1000 W, 2 bar oxygen, 1 mm thick sheet). 
A comparison of the surface roughness at each position for used thicknesses is 
presented in Figure 4.44 as a function of cutting speed when using power of 1000 W. 
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4000 5000 6000
Su
rf
ac
e 
ro
u
gh
n
es
s 
(µ
m
) 
Cutting speed (mm/min) 
Lower cut
Upper cut
Middle cut
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4000 5000 6000
Su
rf
ac
e 
ro
u
gh
n
es
s 
(µ
m
) 
Cutting speed (mm/min) 
Lower cut
Upper cut
Middle cut
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4000 5000 6000S
u
rf
a
ce
 r
o
u
gh
n
es
s 
(µ
m
) 
Cutting speed (mm/min) 
Lower cut
Upper cut
Middle cut
 115 
 
 
Figure 4.44- Comparison of surface roughness for different thicknesses with increasing cutting 
speed (1000 W, 2 bar oxygen).  
As can be seen, the smoothest surface when cutting 2 mm thick sheet is obtained at a 
cutting speed of 5000 mm/min whilst for 1.6 mm and 1mm thicknesses, it is 
achieved at the cutting speed of 6000 mm/min. Overall, the surface roughness 
increases with sheet thickness. As is seen in Figure 4.38-Figure 4.43, for a given 
thickness, as the power increases the surface roughness decreases.  
x Increasing power decreases surface roughness. 
x Decreasing sheet thickness decreases surface roughness.  
4.4.1.1 Surface roughness discussion 
During laser cutting, melt flows out through the bottom of the cutting zone and this 
flow behaviour is reflected in the patterns of solidified melt on the cut edges [22, 58]. 
The micrographs of the cut edges clearly indicate that the pattern of frozen melt on 
the cut edge is changed by increasing cutting speed (Figure 4.45). Any turbulence in 
the melt flow will also be evident in the re-solidified turbulence of a rough and 
rippled surface [22]. This is observed in Figure 4.45, obtained for a lower cutting 
speed (e.g. 4000 mm/min). Alternatively, the smoothest cut edge will be created by 
the steadiest melt flow conditions [22, 53] which is seen in Figure 4.45 for an 
increased cutting speed (e.g. 5000 mm/min).  
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Figure 4.45- Photos of the cut edges for different powers and cutting speeds. Sheet thickness is 
2 mm, 2 bar oxygen. 
4.4.1.2 The effect of thickness on the surface roughness  
Figure 4.46 shows that the surface roughness gets larger with an increase in the 
thickness. A rougher surface is observed at the bottom of the cut edge of 2 mm-thick 
sheet. This feature is decreased for 1.6 mm and is not seen for 1 mm. This feature is 
related to the melt flow behaviour. A turbulent melt flow appears at the lower part of 
the 2 mm cut edge whilst this influence disappears for 1mm. For 1.6mm thickness, 
there is a very small effect of turbulence compared with 2mm. With the same cutting 
parameters, as the sheet thickness decreases, the melting rate (the melt volume per 
interaction time) is decreased and also the residence time of the melt in the cut front 
is decreased. Thus, turbulence does not occur.  
 
Figure 4.46- Micrographs of the cut edges from 2 mm, 1.6 mm and 1 mm thick sheet. A severe 
melting influence is observed on the lower surface of the 2 mm sheet. Three dash lines show the 
position of surface roughness examinations at distances of 0.2, 0.8 and 1.4 mm from the upper 
surface of the sheet (2 bar oxygen, 200 µm, 1000 W, 4000 mm/min). 
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Trapped gas flow in thicker sheet (e.g. 2 mm) is producing ripples on the oxide layer 
at the upper part of the cut edge. This feature is not observed on the thinner cut edges 
because there is less opportunity to trap the gas flow. This phenomenon is discussed 
later in 4.6.1. The surface roughness measurements of the samples shown in 
Figure 4.46 (at the same distances of 0.2 mm, 0.8 mm and 1.4 mm from the upper 
surface of the samples) are presented in Figure 4.47. The results revealed that: 
1- In thicker cut edge (e.g. 2 mm) the surface roughness decreases at the middle 
position (i.e. 0.8 mm) 
2- Turbulence happens at the same distance from the top for each sample (in this 
case at 1.2 mm).  
3- The turbulence is reduced as the sheet thickness decreases.  
 
Figure 4.47- Surface roughness versus thickness as a function of distance from the upper surface 
of the sample (2 bar oxygen, 200 µm, 1000 W, 4000 mm/min). 
4.4.1.3 The effect of laser power on the surface roughness  
A comparison of the surface roughness presented in Figure 4.38 to Figure 4.43 
reveals that, in the range of applied laser conditions and for a given thickness, as the 
power increases, the surface roughness decreases. For example, when using 1500 W 
for 2 mm-thick sheet, the upper surface roughness is 1.5 µm whilst for 1000 W it is 
2.4 µm (Figure 4.38, Figure 4.39). This is because, at the power of 1500 W more 
energy is input to the melting zone compared to at 1000 W. Hence the melt 
temperature increases and the melt viscosity (Fe/FeO) decreases. The melt flow with 
a lower viscosity then produces a smoother cut edge [22]. However, for thinner sheet 
(e.g. 1 mm-thick sheet), the surface roughness does not change with increasing 
power which is related to the melt removal as discussed in 4.4.1.2. 
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4.4.2 Fibre laser-nitrogen cutting 
 
Figure 4.48- Surface roughness (Ra) versus cutting speed (2 mm, 1000 W, 12 bar nitrogen).  
 
Figure 4.49- Surface roughness (Ra) versus cutting speed (2 mm, 1500 W, 12 bar nitrogen). 
 
Figure 4.50- The surface roughness (Ra) versus cutting speed (1 mm, 1000 W, 12 bar nitrogen).  
 
Figure 4.51- The surface roughness (Ra) versus cutting speed (1 mm, 1500 W, 12 bar nitrogen). 
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The results of surface roughness analyses in laser cutting of 1 and 2 mm thick mild 
steel sheet, using 12 bar pressure of nitrogen and different cutting speeds and powers, 
are presented in Figure 4.48 to Figure 4.51 (see page 118). As can be seen in the 
figures, there is a variation in the values of surface roughness. The smallest surface 
roughness is observed in the upper cut edge, and the roughest surface is seen in the 
lower cut edge. In the range of applied cutting speed, the lowest Ra value in the 
2 mm-thick sheet is at the speed of 2000 mm/min (e.g. 2.7 µm for upper cut at a 
power of 1000 W). At the cutting speed of 2000 mm/min, the Ra decreases to 2.5 µm 
when power is increased to 1500 W.  
Generally, in nitrogen laser cutting of 1mm thick mild steel in the range of employed 
cutting speed the Ra values are approximately constant, although a slight variation is 
noticeable as the cutting speed increases (Figure 4.50, Figure 4.51). The Ra for upper 
cut, when cutting 1 mm at cutting speed of 2000 mm/min with power of 1000 W, is 
3.72 µm. When cutting with 1500 W, it increases to 5.0 µm.  
Two micrographs of the nitrogen-cut edges are shown in Figure 4.52.  
 
Figure 4.52- The cut surface after nitrogen laser cutting. Dross can be seen at lower cut edge. 
Dash lines show the position of surface roughness analysis (1000 W, 400 mm/min, 
12 bar nitrogen). 
It can be seen that the volume of attached dross increases with increasing sheet 
thickness. In general, the surface of the cut edge looks rough and is covered by 
resolidified scattered melt layers. The surface roughness examinations of the samples 
in Figure 4.52, at the same positions of 0.2 mm, 0.8 mm and 1.8 mm from the upper 
surface are presented in Figure 4.53. These reveal that the surface roughness for the 
same position on the cut edge increases with sheet thickness.  
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Surface roughness slightly increases from the top to the bottom of the cut edge.  
 
Figure 4.53- Surface roughness versus thickness as a function of distance from the upper surface 
of sample (12 bar nitrogen, 200 µm, 1000 W, 400 mm/min). 
4.5 Cut surface characterisation 
Characterisation of the laser cut edge can describe some events that occurred during 
laser melting and melt expulsion. As the melt layer flows out the kerf, a thin layer of 
the melt recast on the kerf walls. In this section the surface of cut edge is analysed 
for both oxygen and nitrogen laser cuttings. The X-ray diffraction (XRD) result of 
the oxygen-cut edge is presented in Figure 4.54 and shows qualitatively the presence 
of FeO and Fe3O4. The presence of FeO in re-solidified melt confirms that an 
exothermic reaction between iron and oxygen occurred during laser melting. From 
this reaction, a considerable amount of energy is added to the melting zone, 
enhancing the cutting process [9, 117, 118].  
 
Figure 4.54- XRD of 2mm thick cut edge (fibre laser oxygen cut at 4000 mm/min and 1500 W). 
EDS examination at the laser-oxygen cut edge (Figure 4.55) qualitatively shows the 
presence of oxygen on the surface of resolidified melt. The solid line on the SEM 
micrograph shows the position of EDS examination.  
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Figure 4.55- EDS line scan of a cut surface at which a piece of oxide layer was broken off the cut 
surface. EDS qualitatively confirms the presence of oxide on the cut edge (1500 W, 
4000 mm/min, 2 bar oxygen). 
The EDS line scan of a fibre laser-nitrogen cut surface (Figure 4.56) indicates that, 
on the cut edge, the quantity of iron is greater than that of oxygen, while the amount 
of oxygen increases in the dross zone. This is because, the molten dross can be 
affected by oxygen in the air during solidification.  
 
Figure 4.56- The EDS line scan of a fibre laser-nitrogen cut surface. a) The line is located on the 
cut surface and attached dross at the bottom of kerf. b) Iron, oxygen and carbon can 
qualitatively be observed. The position of cut surface and dross are shown on the top of the 
figure. As the EDS line-scan crosses a solidified streak, a big ripple was placed on the interface 
of the cut edge and dross. It is probably due to a hole formed on the streak during solidification 
(1500 W, 1000 mm/min, 12 bar nitrogen pressure).  
As is seen in Figure 4.56-b oxygen presents on the cut surface zone. This could be 
for two reasons: either the nitrogen used was not pure, or it was added to the melting 
zone from the surroundings air during laser cutting and solidification. The first 
reason is unlikely because pure nitrogen of 99.95% was used. However, there was a 
1mm stand-off distance between the nozzle and the cut zone. Hence oxygen from the 
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surroundings could have entered the melting zone by nitrogen jet. Therefore the 
second reason is most probably the cause. Regarding the nitrogen, EDS did not show 
the presence of nitrogen on the cut edge. 
4.5.1 Cut edge comparison between oxygen and nitrogen laser cutting 
In oxygen laser cutting FeO is produced in the melt due to exothermic reaction 
between melt and oxygen. The presence of this oxide in the melt decreases the melt 
viscosity [9, 89]. During solidification the FeO forms an oxide layer on the cut edge. 
This oxide layer originally covered all at the cut edge but, as it is quite fragile, some 
has broken off (Figure 4.57). In contrast, for nitrogen laser cutting, there is no 
reaction between melt and pure nitrogen [119] and such an oxide layer cannot be 
observed in the cut edge. However, the EDS results qualitatively show some amount 
of oxygen on the surface of cut edge, which may have been added from the 
surrounding air during laser cutting or solidification. 
 
Figure 4.57- Left: presence of oxide layer on the top of the cut edge (1500 W, 6000 mm/min, 
2 bar oxygen). Right: A cross section of the sample to see the thickness of oxide layer. 
4.6 Striation pattern observation  
The striation is a final cold state left behind by the melt flow behaviour and is not a 
snapshot taken during melt removal. By studying the striation pattern, we are able to 
find out more about the melt flow behaviour in the melting zone. 
4.6.1 Fibre laser-oxygen cutting 
In order to investigate the phenomenon of striation generation and its resulting 
pattern, a cut edge with such a pattern was observed (Figure 4.58). This cut edge was 
obtained by oxygen fibre laser cutting of 2 mm-thick mild steel with a power of 
1000 W and a cutting speed of 4000 mm/min. The kerf wall demonstrates three 
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different striation types: type1 (smooth), type2 (moderate) and type3 (coarse 
striations) as highlighted in Figure 4.58. This cut edge can be divided to three areas 
as shown. Area1 includes two types of striation: type1 and type2 (i.e. smooth and 
moderate striation with Ra of 2.8 µm). Area2 is a connecting area with Ra of 2.5 µm; 
and area 3 includes type3 and 2 of striation (i.e. coarse striation and smooth striation 
alternatively with Ra of 3.5 µm). Two thirds of the surface is almost striation free 
(with only smooth striations) whilst the other third has an intermittent coarse striation 
pattern. The most important issue in this selected cut surface is that the striation free 
zone is alternatively recreated between two areas of coarse striations. The angle of 
the smooth striations changes on the base of Brewster angle with cutting speed and 
also differs from the top to the bottom of the cut edge. At the top of the cut edge, the 
angle of striations is at its lowest amount of 5° to 8°. The striations are bent towards 
the back from the middle of the cut edge. Eventually, near the bottom, the striations 
are kinked towards the bottom of the cut edge. At a cutting speed of 4000 mm/min 
the striations are inclined between 5° - 12°, while at a cutting speed of 5000 and 
6000 mm/min the range of inclination angle is between 8° - 14° and 10° ± 14° 
respectively. 
 
Figure 4.58- The cut surface with three kinds of striation: smooth, moderate and coarse 
(1000 W, 4000 mm/min, 2 bar oxygen).  
It has been already identified that the cut surface is covered by an oxide layer 
(Figure 4.55 and Figure 4.57). From SEM observation of the kerf wall, the moderate 
striation at the top of the sample seems to be a wrinkle of only the oxide layer on the 
top of a smooth underlying resolidified sheet surface as highlighted in Figure 4.59 
and Figure 4.60. This oxide layer is very fragile but stuck to the cut edge. The 
thickness of oxide layer varies on the cut edge. 
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Figure 4.59- Left: some smooth striations initiated below the edge. Right: Magnified marked 
striation is shown (1000 W ± 4000 mm/min ± 2 bar oxygen).  
 
Figure 4.60- Left: some smooth and moderate striations initiated at the edge. Right: magnified 
marked striation is shown (1500 W ± 4000 mm/min ± 2 bar oxygen).  
4.6.1.1 The mechanism of melting and melt removal 
Figure 4.58 was re-included here as Figure 4.61 with additional information 
displayed (4 steps) to explain the mechanism of melting and melt removal. 
 
Figure 4.61- The cut surface reprinted from Figure 4.58 (1000 W, 4000 mm/min, 2 bar oxygen). 
Step1: A thin melt layer is created (Figure 4.61 and Figure 4.62). From the smooth 
striation reflected to the upper part of cut edge, it can be inferred that, for this part of 
cutting process, the melt flow was primarily laminar and so a smooth/semi coarse cut 
surface is left behind.  
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Figure 4.62- Explanation of melt build-up ejection cycle. The numbers are matched with 
numbers in Figure 4.61. 
Step 2: As the melting proceeds, melt thickness increases and melt front kinks as a 
laminar flow and it starts to break down. It is seen that the striation (or cut front) 
kinks and bend towards the bottom of the kerf. 
Step3: The entire melt cannot be pushed down to the bottom of the kerf by the 
oxygen pressure and some melt remains unsteadily on the cut front (accumulated 
melt). This phenomenon is called melt build-up [120]. Owing to the increase in the 
residence time of the melt flow towards the bottom of the kerf, more oxidation 
reaction between molten iron and oxygen occurs, increasing the melting rate. 
Step4: The large build-up of melt is discharged from the cut front (Blocked melt 
ejection [120]), returning to striations in step 1.  
Depending on power and the cutting speed laser beam can melt and penetrate into the 
limited depth of material (i.e. A1 in Figure 4.61) without reflection. After that, the 
process of melting zone generation seems to be managed by other phenomena 
including the beam reflections and the melting-erosion by conduction of heat from 
the melt above. In oxidation cutting this is all combined with oxidation heat and as 
the melt flows down the kerf the thickness of the melt layer increases. 
At a lower cutting speed (in this case 4000 mm/min), the cut front is almost vertical 
and the majority of the laser energy is lost (step1 in Figure 4.61 and Figure 4.62). 
This type of laser-cut front interaction causes a cycle self-burning [22]. The cycle 
self-burning probably causes burst melting with further inclination at the upper part 
of the cutting front (step 2) starting the melt build-up phenomenon [120] (step 3). 
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4.6.1.2 Beam behaviour inside the cutting zoon  
Beside the exothermic reaction, the laser beam energy may be transferred out of the 
laser beam irradiation area by the waveguiding effect (Figure 4.63). This was 
suggested by reference [52]. The re-direction of the laser beam energy from the 
irradiation area can be explained by two possible phenomena. The first is by external 
reflection and the second is by internal reflection or waveguiding. This second 
phenomenon is a more likely candidate in fibre laser cutting because FeO is partially 
transparent at the fibre laser wavelength of approximately 1.06 µm [52]. 
 
Figure 4.63- Waveguiding effect ad multiple reflections explanations in the kerf and cut front. 
The reflections and waveguiding effect, combined with further movement of the 
laser, result in the blocked melt being ejected [120] (step4 in Figure 4.61 and 
Figure 4.62). Further down the cut zone (close to the bottom) the thickness of the 
Fe/FeO melt is greater, and turbulence in the liquid flow produces a rougher cut 
edge.  
At a constant power and cutting speed, there is a constant flow of melt from the 
bottom of the cut zone. For a cutting speed (in this case at 4000 mm/min), the melt 
periodically builds up at the bottom of the cut zone and is ejected in greater volume. 
Normally, for this type of melt build-up-ejection cycle, the cycle would be less 
periodic. The period of WKHF\FOHPD\EHLQIOXHQFHGE\WKHYLEUDWLRQRIWKHPDFKLQH¶V
table. 
4.6.1.3 The mechanism of oxide layer generation  
During oxygen laser cutting, the molten iron oxide (FeO) is created on the melt layer 
from the outside, where the oxygen is. As the laser beam moves forward, the melt 
layers in combination with gas jets, produces ripples [120] with connection lines on 
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the surface of the melt in the melting zone [53, 121]. The connection line is a part of 
a ripple that connects the ripple to the top edges (Figure 4.64). While the ripples are 
flowing down the kerf, connection lines expand, move to the sides and solidify on 
WKHNHUI¶VVLGHVUHVXOWLQJLQVWULDWLRQV [121].  
 
Figure 4.64- Left: Schematic showing the thicker oxidation generation. Right: Thick oxide layer 
on the upper cut edge (2 bar oxygen, 1000 W, 5000 mm/min).  
Figure 4.65-A shows that the molten oxide layer has a chemical gradient. Powell and 
Ivarson [88] clearly explained that there is a fully oxidised iron on the outside 
surface of the melt. As the melt layer goes down the kerf, the molten FeO near the 
kerf walls sticks to the walls and begins solidification resulting in generation of an 
oxide layer on the walls. The influence of gas flow causes ripples on the oxide layer 
on the top surface of cut edge. The oxide layer was also observed on the cut edge that 
was sectioned and polished gently and presented in Figure 4.65-B. In this case, the 
oxide layer included resolidified iron. As can be seen, a huge oxide lumps at the 
bottom of the cut edge. The thickness of oxide layer in this case is 8 µm on the top 
and increases to 45 µm at the bottom of the cut edge.  
In summary, the oxide layer is generated where the melt layer is in contact with the 
oxygen. The melt layer flows down the cutting front with some ripples. As the melt 
layer flows down the kerf, the oxide layer forms on the cut edge. Oxygen flow 
behaviour causes ripples on the oxide layer. The thickness of the oxide layer varies 
from the top towards the bottom of the cut edge. In this case, a lumped oxide was 
observed at the lower part of cut edge. 
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Figure 4.65- A: showing the thickness of the melt and the oxide layers with a chemical gradient 
in the cutting front. B: Diagram showing a gently sectioned and polished cut edge. A relatively 
thick porous oxide + iron layer is observed on the cut edge. Several photos with high 
magnification were taken with an optical microscope and then aligned together carefully. The 
thicker part of the oxide + iron layer is shown in a higher magnification inset in the diagram. 
The shape of the oxide + iron layer is also drawn for clarity (1500 W, 4000 mm/min, 2 mm).  
4.6.2 Fibre laser-nitrogen cutting  
After nitrogen laser cutting, relatively thick dross can be observed clinging to the 
lower surface of the sheet as be illustrated in Figure 4.66. The thickness of dross 
increases with sheet thickness and power.  
 
Figure 4.66- Relatively thick dross clinging to the lower surface of the sheet (12 bar nitrogen). 
The cut edge is covered by lots of streaks which produced a chaotic striations pattern. 
Under the optical microscope, the surface of the cut looks very rough (3 to 7 µm), 
A B 
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and it seems that there is no significant order in the arrangement of striation pattern. 
Observation of the cut edge by SEM indicates that the disorder of the striation 
pattern increases from the top towards the bottom of the cut edge. Surface roughness 
examination also revealed that the surface roughness increases from the top to the 
bottom (Figure 4.67). 
4.6.2.1 The mechanism of striations generation 
The cut edge can be divided to three areas as shown in Figure 4.67.  
Area 1: This area is located just below the upper edge (Figure 4.67-A1). In this area 
the streaks appear almost uniform.  
Area 2: In this area, an integration of melt flows takes place (Figure 4.67-A2). A 
chaotic striations pattern is seen in this region. 
Area 3: This area incorporates the dross region which has clung to the bottom 
surface of the sheet.  
In area 1, the laser beam primarily penetrates the sheet on the base of Brewster angle 
and a new melt layer is produced which flows down. The high pressure of nitrogen 
pushes the molten material down the kerf. In area 2, the molten material then breaks 
up into the streaks under the influence of the surface tension and high gas pressure 
[65, 81, 122]. The streaks are inclined towards the back of cutting zone with angle of 
5° ± 15° (Figure 4.68). The inclination of striatLRQVĳLQFUHDVHVZLWKFXWWLQJVSHHG
which is related to the Brewster angle [122]. 
As the melt flows down the kerf, the temperature of melt decreases. Hence the 
viscosity of melt increases. The relatively thick dross clung to the bottom of the cut 
edge indicates that the temperature of the melt at the bottom of the kerf decreases to 
the lowest melt temperature before solidification (Figure 4.69). 
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Figure 4.67- Left: a cut edge with dross clinging to the lower surface of the sample, three areas 
can be observed as shown with A1 to A3. Right: the boundary of areas has been presented in 
magnification. Re-cast melt layers and chaotic striation pattern can be seen (1000 W, 
1000 mm/min, 2 mm, 8 bar nitrogen).  
 
Figure 4.68- Indicating the inclination of striations in area 1 and 2.  
 
Figure 4.69- Left: Downstream region at the bottom of area 2, Re-solidified melt flow and dross 
generation can be seen. Right: Different view of dross attachment and integration of dross 
layers (1000 W, 1000 mm/min, 8 bar nitrogen).  
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There are some reasons for reduction of melt temperature at the lower part of the cut 
front: 
x Nitrogen as an inert assist gas in interaction with the melt flow is capable to 
decrease the melt temperature as a result of heat convection.  
x While the melt is flowing down the kerf, the heat absorption losses increase as a 
result of heat conduction from melt into the adjacent material [69]. 
x The influence of the laser beam to sustain the melting temperature near the 
bottom of the kerf decreases. During fibre laser cutting, the laser beam interacts 
with the upper cutting front while the lower cutting front is irradiated by the beam 
reflections [50, 59]. Also see Figure 4.70. 
 
Figure 4.70- Superposition of laser beam with striation. Multiple reflections irradiate the lowest 
melt layers (1000 W, 1000 mm/min, 2 mm, 8 bar nitrogen). 
4.6.3 Comparison between oxygen and nitrogen striations pattern  
The striations pattern observed indicates that there are several significant differences 
between oxygen and nitrogen cut edges. 
x After oxygen laser cutting, striations pattern are much smoother than those are 
observed in nitrogen laser cutting. This feature was identified by surface 
roughness analysis. The surface roughness in nitrogen cutting is 3 to 7 µm but 
only is 2.5 µm for oxygen cutting. This is due to the higher temperature and 
lower viscosity melt in laser-oxygen cutting. 
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x In oxygen laser cutting, some striations are simply due to oxide ripples, 
independent of underlying smooth resolidified metal. 
x The surface of the cut edge in oxygen laser cutting is originally covered by a 
fragile, thin oxide layer (FeO). These features are not found in the nitrogen laser 
cut edge. 
x For oxygen laser cutting at a certain combination of laser power, cutting speed 
and cut front geometry (related to the Brewster angle), a very smooth striations 
can be achieved. This feature is not presented for nitrogen laser cutting. 
x In nitrogen fibre laser cutting, the cut edge usually includes dross attachment, 
while in oxygen laser cutting the cut edge generally is dross free.  
x In nitrogen laser cutting, the striations are clearly due to melt flow breaking up 
into the streaks under the influence of the surface tension and high gas pressure.  
4.7 Summary 
In this chapter, oxygen and nitrogen fibre laser cutting of thin section mild steel, 
using variety of cutting speeds, different laser powers, the same fibre and optical 
system were compared together in terms of kerf width, heat affected zone surface 
roughness, cut edge characterization and striation pattern. The most significant 
results are as follows:  
x For both assist gases (i.e. O2 and N2), the kerf width is significantly wider than 
the focused beam diameter. This ratio for oxygen laser cutting is 2.5 and for 
nitrogen is 1.4 in average. The kerf width in oxygen laser cutting is 44% wider 
than that is obtained in nitrogen laser cutting. 
x For both applied gases, the width of the HAZ on the lower part of cut edge is 
larger than that for the upper part.  
x The amount of HAZ for laser-nitrogen cutting is 2 to 2.7 times larger than that for 
laser-oxygen cutting. 
x The cross sectioned, polished and etched cut edge indicates that there is a 
relatively thick re-solidified melt material lining the cut edge after nitrogen 
cutting. This feature is not observed for the oxygen cut edge.  
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x EDS and XRD examination of the cut edges indicate that the surface produced by 
oxygen laser cutting is covered by an oxide layer (FeO + Fe3O4). This feature is 
not seen for nitrogen laser cutting. 
x In oxygen laser cutting, the striation patterns are much smoother than those 
observed for nitrogen laser cutting. This was evident from the results of surface 
roughness analysis. 
x The surface roughness of the oxygen laser cut edge is less than that for the 
nitrogen cut edge (on average 2.5 µm and 5 µm respectively). 
x Some striations in oxygen laser cutting are due to the rippled oxide on top of the 
smooth surface roughness.  
x After nitrogen fibre laser cutting, the cut edge includes dross attachment while for 
oxygen laser cutting the cut edge is generally dross free. 
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5 Piercing process 
5.1 Overview  
The results of laser piercing will be presented in this chapter. The purpose of this 
chapter is to understand the effects of laser piercing parameters on the pierced hole 
geometry. First, the importance of study on the piercing in laser cutting will be 
discussed then the piercing results are going to be investigated. The geometrical 
results of the hole generation will be shown in the map which is called a hole growth 
map. A comparison between oxygen and nitrogen laser piercing of 2 mm-thick mild 
steel sheet using a variety of laser powers, gas pressures and irradiation times is 
going to be discussed. Finally, a new method in oxygen laser cutting of mild steel is 
to be introduced which can enhance the productivity in laser cutting.  
More details of the piercing experiments were explained in chapter 3; however, here 
it is proper to rewrite some of the laser piercing parameters as presented in Table 5.1. 
Table 5.1- Indicating some laser piercing parameters.  
Characteristics Values 
Laser power range 600 W to 2000 W 
Assist gas Oxygen and nitrogen 
Gas pressure range 0.3 bar to 12 bar 
Focussed beam diameter 0.2 mm (on the surface of sheet) 
5.2 The importance of study on piercing 
In laser cutting process for cuts that do not start at a free edge of the material, the 
laser beam has to pierce a through hole at the beginning location of each cut 
(Figure 5.1) in order to establish an appropriate melt ejection flow from the lower 
side of kerf [1].  
 
Figure 5.1- Showing how the initial hole affects the shape of cut kerf. Photo (A) shows usual 
initial hole shape which is seen at the beginning of a traditional laser cut (1000W, 4000 mm/min, 
2 bar oxygen). Photo (B) is a schematic diagram of the ideal shape of the initial part of the kerf.  
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In traditional laser cutting, since the size of initial pierced hole is wider than the laser 
cut kerf width (Figure 5.1), the piercing is arranged at regions outside the required 
profile to remove the remaining marks of the pierced hole on the cut profile which 
results in materials wastage increment. In many applications materials wastage 
reduction is economically important so an attempt to pierce a fine initial hole at the 
beginning of the cut can directly decrease production costs. Figure 5.2 indicates an 
example of a traditional laser cutting plan to manufacture a single product. In order 
to avoid any remaining marks of the pierced hole on the required product, the cut 
path and initial hole are located at regions outside the required profile.  
 
Figure 5.2- Illustrating how initial hole and cut path increase wastage of material in traditional 
laser cutting. Initial holes are arranged at regions outside the product area. 
5.3 Basic mechanism of piercing  
 
Figure 5.3- Showing the basic mechanism of piercing. 
A) The focused laser beam on the surface of sheet is absorbed by the material 
according to Fresnel absorption [123]. The absorption efficiency can be 
attributed to by the surface oxide, surface contamination, surface roughness 
and the presence of alloying elements [16]. The absorbed laser beam energy 
causes heating in a very thin surface layer of the sheet [98], and if the power 
intensity and irradiation time are sufficient, the temperature rapidly increases 
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to melting point [59]. Then the laser beam penetrates the molten material, and 
the volume of the melting zone rapidly grows in depth and width. The heat 
affected zone (HAZ) generates as the melting zone expands [124-126]. Surface 
vaporisation on the melt occurs during melting time [76]. The vapour pressure 
is considerably higher than the atmosphere pressure making a recoil pressure 
that acts on the melt surface [98], this brings about an ease ejecting the 
melt/vaporised material [29, 96, 127-129].  
B) As the laser irradiation continues and the laser melts and penetrates the 
material, the melt layer begins to flow upward along the hole wall [98]. The 
upward melt flow is due to the pressure gradient inside the hole. This pressure 
gradient is produced by: 
   1- Surface vaporisation across the melt surface [29, 96, 98].  
   2- The pressure of assist gas [95]. 
C) Since the laser beam melts the lower surface of the sheet, due to the gas 
pressure the direction of melt flow is changed to downward, and melt ejection 
occurs through the bottom of the sheet resulting in breakthrough.  
D) After breakthrough, with further irradiation time, the laser beam passes the 
sheet through the pierced hole with no effective melting. 
5.4 Piercing in comparison with cutting 
Although laser piercing is seemed to be similar to cutting in terms of melting 
process, the mechanism of melt ejection in laser piercing is completely different from 
cutting.  
1- In laser piercing, the workpiece is stationary whereas in laser cutting the 
workpiece or cutting head moves with a defined velocity. [115].  
2- At the beginning of piercing the direction of melt flow is upward until the laser 
beam melts the lower surface of the sheet, the melt is then removed through the 
bottom so the direction of melt flow changes to the downward direction [98, 
127]. In contrast, in laser cutting the melt flow is always downward and melt is 
removed through the bottom of the kerf [1].  
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3- Melt removal in laser cutting is solely due to assist gas pressure [1, 2, 76, 130] 
while in laser piercing in addition to the assist gas pressure there is also a recoil 
pressure resulting from surface vaporisation [29, 96, 127-129]. 
5.5 Kerf width results  
The graphs below summarise the typical kerf width results of laser cutting of 2 mm 
thick mild steel from chapter 4 in order to aid comparison with the pierced hole 
diameters presented in this chapter (Figure 5.4 and Figure 5.5). 
 
Figure 5.4- Upper kerf width versus cutting speed for different powers (2 mm thick mild steel, 
2 bar oxygen, spot size of 0.2 mm on the upper surface of sheet, focal length of 120 mm). 
 
Figure 5.5- Upper kerf width versus cutting speed for different powers (2 mm thick mild steel, 
12 bar nitrogen, spot size of 0.2 mm on the upper surface of sheet, focal length of 120 mm). 
5.6 Definition of hole structure  
The hole structure definition is shown in Figure 5.6.  
Although the HAZ in mild steel is very small and is usually unimportant, it is still a 
part of laser- material interaction. Hole + NEM + Air trap indicates the total volume 
of material that has melted. Ejected melt consists of Hole + Air trap.  
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Figure 5.6- Indicating hole structure terms (1000 W, 2 bar nitrogen, irradiation time of 12 ms). 
5.7 Quality requirement in laser piercing  
In laser piercing, from an engineering point of view, only the hole diameter and the 
time of penetration are practically interested. In laser cutting, engineers are interested 
to pierce the start-up hole on the cut line of the finished product matching the kerf 
width. Moreover, they would like to pierce the start-up hole at the shortest time with 
reasonable cost. 
5.8 Mapping of hole growth 
One of the aims in this chapter is to produce the map which demonstrates how a hole 
grows when the irradiation time increases. Figure 5.7 shows the photos of the holes 
which were sectioned, ground and etched in nital 2%. These photos generally show 
how a hole grows with increasing irradiation time, however, it must be highlighted 
that each photo indicates the hole shape after solidification which is not the same as 
the condition of the hole in the middle of a larger irradiation time. For example in 
Figure 5.7, 12 ms result does not give a true image of the state of the hole of 12 ms 
into a 24 ms interaction. This is because, once the laser is turned off after 12 ms the 
heat from the melt is conducted away to produce more melt. Also, if oxygen is used 
with mild steel, the oxidation process will continue for a few milliseconds after the 
laser is turned off. As a result of these effects, the interrupted piercing will be slightly 
different from the state of the hole at that point in a larger interaction. 
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Figure 5.7- Showing hole growth with increasing irradiation time. The first row was often 
observed; the second one was rarely seen (1000 W, 2 bar nitrogen). 
In addition, it is realised that sometimes with the same irradiation time, a sporadic 
penetration may happen at which two different hole shapes can be produced: blind 
and through hole. The first row (Figure 5.7) indicates the hole shape that is often 
observed, and the photos below show the other observed holes shape. For instance, at 
the irradiation time of 16 ms and 20 ms, we came across a sporadic penetration 
situation at which some holes were blind and others were through holes. In this 
example, at 16 ms, 40% of holes were through holes and this increases to 80% at 
20ms. At 24 ms all holes were through holes. In the hole growth exhibition, in order 
to take everything into consideration, it seems that the best way is that we map the 
hole growth. Figure 5.8 indicates the hole growth map of the laser piercing in 
Figure 5.7. Because there is some variation in breakthrough time, the hole growth 
map at/or near breakthrough can vary widely (Figure 5.7 & Figure 5.8). As can be 
seen, much information in terms of hole shape, hole structure and dimensions can be 
illustrated on the hole growth map. Moreover, the volume of hole and melt total can 
be estimated by the hole dimensions. 
 
Figure 5.8- Indicating the hole growth map of Figure 5.7. Much information can be shown in the 
map. 
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5.9 Piercing with low and moderate nitrogen pressure 
5.9.1 2 bar pressure of nitrogen 
1000 W- 2 bar pressure of nitrogen 
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Figure 5.9- Piercing results for 1000 W with 2 bar nitrogen. A) Map of hole growth. B) Depth of hole and melt versus irradiation time. C) Volume of hole, melt total 
and HAZ versus irradiation time. D) Width of hole versus irradiation time. Solid circles indicate the through holes. Dash circles indicate the sporadic through holes.  
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Figure 5.10- Piercing results for 1200 W with 2 bar nitrogen. A) Map of hole growth. B) Depth of hole and melt versus irradiation time. C) Volume of hole, melt 
total and HAZ vs irradiation time. D) Width of hole vs irradiation time. Solid circles indicate the through holes. Dash circles indicate the sporadic through holes. 
 
NEM 
  
 
14
2 
1400W- 2 bar pressure of nitrogen 
A B 
 
 
C D 
  
Figure 5.11- Piercing results for 1400 W with 2 bar nitrogen. A) Map of hole growth. B) Depth of hole and melt versus irradiation time. C) Volume of hole, melt 
total and HAZ versus irradiation time. D) Width of hole versus irradiation time. Solid circles indicate the through holes.  
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5.9.2 0.3 bar pressure of nitrogen  
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Figure 5.12- Piercing results for 800 W with 0.3 bar nitrogen. A) Map of hole growth. B) Depth of hole and melt vs irradiation time. C) Volume of hole, melt total 
and HAZ vs irradiation time. D) Width of hole vs irradiation time. Solid circles indicate the through holes. Dash circles indicate the sporadic through holes. 
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Figure 5.13- Piercing results for 1000 W with 0.3 bar nitrogen. A) Map of hole growth. B) Depth of hole and melt vs irradiation time. C) Volume of hole, melt total 
and HAZ vs irradiation time. D) Width of hole vs irradiation time. Solid circles indicate the through holes. Dash circles indicate the sporadic through holes. 
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Figure 5.14- Piercing results for 1200 W with 0.3 bar nitrogen. A) Map of hole growth. B) Depth of hole and melt vs irradiation time. C) Volume of hole, melt total 
and HAZ vs irradiation time. D) Width of hole vs irradiation time. Solid circles indicate the through holes. Dash circles indicate the sporadic through holes. 
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Figure 5.15- Piercing results for 1400 W with 0.3 bar nitrogen. A) Map of hole growth. B) Depth of hole and melt vs irradiation time. C) Volume of hole, melt total 
and HAZ vs irradiation time. D) Width of hole vs irradiation time. Solid circles indicate the through holes. Dash circles indicate the sporadic through holes. 
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The hole and melt growth maps in laser piercing using 2 bar and 0.3 bar nitrogen 
pressure have been presented in part A of Figure 5.9 to Figure 5.15 for powers of 
800 W to 1400 W. As the irradiation time increases, the OHD and MPD increase 
until breakthrough happens (part B of Figure 5.9 to Figure 5.15). Before all holes 
become through, there is sporadic penetration. The breakthrough time and the 
percentage of through hole appearance for different powers is shown in Table 5.2. A 
large variation in melt removal at sporadic penetration time is observed.  
Table 5.2- Breakthrough time and the percentage of hole through, 2 bar nitrogen. 
 800 W 1000 W 1200 W 1400 W 
2 bar - 16 ms 20 ms 24 ms 14 ms 16 ms 8 ms 
- 40% 80% 100% 80% 100% 100% 
0.3 bar 40 ms 50 ms 50ms 60 ms 90 ms 100 ms 80 ms 90 ms 40% 100% 40% 100% 60% 100% 40% 100% 
The volumes of the open hole, total melt (Hole + NEM) and total melt + HAZ, 
overall, increase as the irradiation time is increased until breakthrough happens, then 
they almost become constant just with a slight variation (part C of Figure 5.9 to 
Figure 5.15). This trend is a little different for 1200 W and 1400 W with 0.3 bar 
(Figure 5.14-C and Figure 5.15-C), at which the melt volume increases to a peak 
until breakthrough occurs then begins to decrease and with further irradiation time it 
almost becomes constant. In power of 1200 W and 1400 W the melt volume is 
considerable in comparison with the hole volume. Overall, at breakthrough, the gap 
between open hole and total melt volumes decreases (part C of Figure 5.9 to 
Figure 5.15).  
In general, the upper hole width gradually increases with irradiation until 
breakthrough happens, then it is almost kept constant just with some variation 
(part D of Figure 5.9 to Figure 5.15). When piercing with 1200 W and 1400 W with 
0.3 bar and in the range of time observed, the upper width decreases with increasing 
irradiation time until breakthrough occurs (Figure 5.14-D and Figure 5.15-D). In the 
range of applied irradiation time, the lower width gradually increases with irradiation 
time. With further irradiation time, it tends to become constant (Figure 5.10-D and 
Figure 5.11-D). 
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5.9.3 Comparison of results  
x The depths of open hole and melt gradually increase with irradiation time until 
breakthrough occurs (Figure 5.9-B to Figure 5.15-B). 
x Breakthrough time decreases with increasing power when piercing with 2 bar 
while it increases with power when piercing with 0.3 bar (Table 5.3). 
Table 5.3- Breakthrough time for different powers and pressures in nitrogen piercing. 
 800 W 1000 W 1200 W 1400 W 
2 bar - 24 ms 16 ms 8 ms 
0.3 bar 40-50 ms 50-60 ms 90-100 ms 80-90 ms 
x With the same power, the breakthrough time decreases when the pressure 
increases from 0.3 to 2 bar (Table 5.3). 
x Overall, the melt and hole volumes increase with irradiation time until 
breakthrough occurs, then they become almost constant just with a variation 
(Figure 5.9-C to Figure 5.15-C). 
x When piercing with 2 bar, the hole and melt volumes at breakthrough decrease 
with increase in the power while in piercing with 0.3 bar the volumes of hole and 
melt at breakthrough overall increase with power as presented in Table 5.4. 
Table 5.4- The hole and total melt volumes at breakthrough for different powers and pressures 
in nitrogen piercing. 
 800 W 1000 W 1200 W 1400 W 
2 bar Melt volume - 0.7 mm
3
 0.54 mm3 0.47 mm3 
Hole volume - 0.46 mm3 0.40 mm3 0.32 mm3 
0.3 bar Melt volume 1.1 mm
3
 1.6 mm3 2.8 mm3 2.2 mm3 
Hole volume 0.64 mm3 0.85 mm3 1.15 mm3 1.15 mm3 
x The hole and melt volumes decrease when the pressure increases from 0.3 bar to 
2 bar as presented in Table 5.4. 
x The HAZ is observed around the NEM. The graph of HAZ volume follows the 
melt (Figure 5.9-C to Figure 5.15-C). 
x In general, the upper hole width widens with irradiation time until breakthrough 
occurs then it almost becomes constant just with a slight variation. 
x The hole width variation decreases with increase in the power and pressure. When 
piercing with 2 bar, the upper hole width at breakthrough slightly decreases as the 
power increases but in 0.3 bar there is a variation as presented in Table 5.5. 
Table 5.5- Upper hole width at breakthrough for different powers and pressures in nitrogen 
piercing. 
 800 W 1000 W 1200 W 1400 W 
2 bar - 0.83 mm 0.77 mm 0.7 mm 
0.3 bar 0.9-0.95 mm 1.1-1.2 mm 1.2 mm 0.9 mm 
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x At breakthrough time the gap between hole and total melt volumes decreases. This 
gap indicates the NEM volume. Using the same power, as the gas pressure 
increases, the NEM lining the hole surface decreases. Furthermore, when using 
2 bar the NEM decreases with increasing power while with using 0.3 bar, overall, 
it increases as presented Table 5.6. 
Table 5.6- The volume of NEM lining the hole surface for different powers and pressures in 
nitrogen piercing. 
 800 W 1000 W 1200 W 1400 W 
2 bar - 0.24 mm3 0.14 mm3 0.15 mm3 
0.3 bar 0.46 mm3 0.75 mm3 1.65 mm3 1.05 mm3 
5.9.4 Discussion of results 
5.9.4.1 The depths of hole and melt gradually increase with irradiation time.  
As the irradiation time increases, the MPD increases as a result of laser penetration 
and heat conduction. Regarding the OHD, the pressure inside the hole is more than 
the ambient pressure thus the melt is removed as the laser is melting the material, 
resulting in an increase in the OHD. Melt surface vaporisation can also help the melt 
ejection resulting in further increase in the OHD (Figure 5.9-B - Figure 5.15-B).  
5.9.4.2 When piercing with 2 bar, the breakthrough time decreases with 
increasing power but it increases with power when piercing with 0.3 bar. 
When piercing with 2 bar, the gas pressure is able to eject the molten material from 
the hole faster than 0.3 bar does resulting in decrease in the breakthrough time. 
Whereas, the pressure of 0.3 bar is not sufficient to remove the yielded melt and so 
the enormous volume of the melt retains in the melting zone (compared to 2 bar) 
resulting in delay in the breakthrough.  
5.9.4.3 With the same power, the breakthrough time decreases when the pressure 
increases from 0.3 bar to 2 bar.  
With the same power (the same melting rate), the melt removal ability increases 
when the gas pressure is increased from 0.3 bar to 2 bar, thus the breakthrough 
occurs more quickly. However, it is expected to have a limit when the melt is ejected 
at the same rate at which it is formed i.e. there will be a maximum gas pressure 
beyond which no further benefit would be seen. 
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5.9.4.4 Overall, the melt and hole volumes increase with irradiation time until 
breakthrough occurs then they almost become constant just with a 
variation. 
As the irradiation time increases, the time taken for the laser to melt and penetrate 
the material laterally increases, resulting in an increase in the melt and hole volumes. 
When the breakthrough occurs, the laser beam crosses the sheet through the pierced 
hole with no further significant absorption into the material; hence there is no further 
increase in the volumes of the melt and hole. However, the hole maps indicate that 
after breakthrough, the lower hole width increases and the hole taper decreases with 
further increase in the irradiation time generating a cylindrical hole. This change in 
the hole shape is the main reason for the slight increase in the volumes. Moreover, 
hole development does not stop as soon as the energy input from the laser stops. On-
going melt flow and heat input from the melt continues to affect the hole shape and 
dimensions.  
5.9.4.5 When piercing with 2 bar, the hole and melt volumes at breakthrough 
decrease with increasing power while in piercing with 0.3 bar the volumes 
at breakthrough overall increase with power. 
When piercing with 0.3 bar, because of insufficient gas pressure, there is inadequate 
melt removal therefore as the power increases the melt grows laterally making the 
volumes of hole and melt larger. When the pressure is increased to a sufficient 
pressure (e.g. 2 bar), the rate of melt ejection increases and the melt is not allowed to 
grow laterally. Thus, with more laser power the melt grows vertically, and 
penetration happens faster, resulting in a decrease in the volumes. Figure 5.16 shows 
that when piercing with sufficient gas pressure, the laser penetrates the material 
vertically (A) but with inadequate pressure, the laser beam penetrates laterally as a 
result of heat conduction. C and D present two piercings with the same power, but 
with different gas pressure. 
 
Figure 5.16- The effect of nitrogen pressure on the hole and melt volumes. A) Sufficient gas 
pressure. B) Inadequate gas pressure. C) 1400 W, 2 bar, 10 ms. D) 1400 W- 0.3 bar , 48 ms. 
C D 
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5.9.4.6 Overall, the hole and melt volumes decrease when the pressure increases 
from 0.3 bar to 2 bar. 
As the gas pressure increases, the effectiveness of melt removal increases. This then 
increases the hole penetration rate, and so, the breakthrough time decreases thereby 
decreasing total energy input, and hence decreasing total melt volume.  
5.9.4.7 The hole width becomes almost constant at breakthrough.  
At breakthrough time, any further upper edge erosion is stopped by changing the 
upward melt ejection to the downward melt removal.  
5.9.4.8 The hole width variation decreases with increase in the power. 
Upward melt ejection causes erosion on the upper edge of the hole and also upward 
melt ejection is a fluctuating process; hence, it gives rise to variations in the hole 
width. When the power is increased, the breakthrough happens quickly, hence, there 
is less melt flow through the entrance of the hole, decreasing the variation of the hole 
width.  
5.9.4.9 When piercing with 2 bar, the upper hole width at breakthrough slightly 
decreases as the power increases while in 0.3 bar there is a variation. 
This is because, with using 2 bar, when the power is increased the breakthrough time 
decreases, so there is less time for the hole to grow laterally as a result of heat 
conduction and erosion from upward melt ejection.  
5.9.4.10 HAZ follows the melt.  
HAZ is observed surrounding the NEM. The heat conduction from the melting zone 
causes the HAZ from the melt interface towards the end of the sensitizing 
temperature in the unaffected metal. As more heat is input, there will be a larger 
HAZ.  
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5.10 Piercing with low and moderate oxygen pressure  
5.10.1 With 2 bar pressure of oxygen  
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Figure 5.17- Piercing results for 600 W with 2 bar oxygen. A) Map of hole growth. B) Depth of hole and melt versus irradiation time. C) Volume of hole, melt total 
and HAZ versus irradiation time. D) Width of hole versus irradiation time. Solid circles indicate the through holes.  
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Figure 5.18- Piercing results for 800 W with 2 bar oxygen. A) Map of hole growth. B) Depth of hole and melt vs irradiation time. C) Volume of hole, melt total and 
HAZ vs irradiation time. D) Width of hole vs irradiation time. Solid circles indicate the through holes. Dash circles indicate the sporadic through holes. 
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Figure 5.19- Piercing results for 1000 W with 2 bar oxygen. A) Map of hole growth. B) Depth of hole and melt versus irradiation time. C) Volume of hole, melt total 
and HAZ versus irradiation time. D) Width of hole versus irradiation time. Solid circles indicate the through holes. 
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Figure 5.20- Piercing results for 1200 W with 2 bar oxygen. A) Map of hole growth. B) Depth of hole and melt versus irradiation time. C) Volume of hole, melt total 
and HAZ versus irradiation time. D) Width of hole versus irradiation time. Solid circles indicate the through holes. Dash circles indicate the sporadic through holes. 
 
2.0 
NEM 
  
 
15
6 
1400W- 2 bar pressure of oxygen 
A B 
 
 
C D 
  
Figure 5.21- Piercing results for 1400 W with 2 bar oxygen. A) Map of hole growth. B) Depth of hole and melt versus irradiation time. C) Volume of hole, melt total 
and HAZ versus irradiation time. D) Width of hole versus irradiation time. Solid circles indicate the through holes.  
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5.10.2 With 0.3 bar pressure of oxygen  
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Figure 5.22- Piercing results for 600 W with 0.3 bar oxygen. A) Map of hole growth. B) Depth of hole and melt versus irradiation time. C) Volume of hole, melt total 
and HAZ versus irradiation time. D) Width of hole versus irradiation time. Solid circles indicate the through holes. Dash circles indicate the sporadic through holes. 
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Figure 5.23- Piercing results for 800 W with 0.3 bar oxygen. A) Map of hole growth. B) Depth of hole and melt versus irradiation time. C) Volume of hole, melt total 
and HAZ versus irradiation time. D) Width of hole versus irradiation time. Solid circles indicate the through holes.  
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Figure 5.24- Piercing results for 1000 W with 0.3 bar oxygen. A) Map of hole growth. B) Depth of hole and melt versus irradiation time. C) Volume of hole, melt 
total and HAZ versus irradiation time. D) Width of hole versus irradiation time. Solid circles indicate the through holes. 
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Figure 5.25- Piercing results for 1200 W with 0.3 bar oxygen. A) Map of hole growth. B) Depth of hole and melt versus irradiation time. C) Volume of hole, melt 
total and HAZ versus irradiation time. D) Width of hole versus irradiation time. Solid circles indicate the through holes. 
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Figure 5.26- Piercing results for 1400 W with 0.3 bar oxygen. A) Map of hole growth. B) Depth of hole and melt versus irradiation time. C) Volume of hole, melt 
total and HAZ versus irradiation time. D) Width of hole versus irradiation time (printed in the next page). Solid circles indicate the through holes. 
NEM 
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In continuation of Figure 5.26: D) Width of hole versus irradiation time at power of 1400 W 
with 0.3 bar pressure of oxygen. Circles show through holes. 
The results of hole growth and melt penetration with increasing irradiation time in 
piercing with 2 bar and 0.3 bar pressure of oxygen for powers of 600 W to 1400 W 
have been shown in Figure 5.17 to Figure 5.26. Overall, the same trend with nitrogen 
can be seen in oxygen laser piercing in terms of depth and volume of the open hole 
and melt i.e. they increase with irradiation time until breakthrough happens then they 
almost become constant just with a slight variation (Figure 5.17 to Figure 5.26). 
However, at some irradiation times before breakthrough, the depth of hole either 
decreases or stays constant (B in Figure 5.17, Figure 5.18, Figure 5.22 and 
Figure 5.26). There is also a jump in the hole depth graph as breakthrough happens. 
Generally, in terms of hole width, the same trend is seen with nitrogen laser piercing 
i.e. the upper hole width gradually increases with irradiation until breakthrough 
happens then it is almost kept constant just with some variation (Figure 5.17-D to 
Figure 5.26-D). However in piercing with 0.3 bar, when the power is increased to 
1200 W and 1400 W the lower hole width is almost equal to the upper hole width (D 
in Figure 5.25 and Figure 5.26). 
5.10.3 Comparison of results 
x Usually, the OHD and MPD increase as the irradiation time increases until 
breakthrough occurs. 
x Generally, there is variation in the graph of OHD.  
x There is a jump in the OHD graph at breakthrough happens. 
x The open hole and total melt volumes increase with irradiation time until 
breakthrough occurs then the volumes are generally maintained steady just with a 
slight increase. 
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x In most case, the breakthrough time decreases with increasing power as presented 
in Table 5.7. 
Table 5.7- Breakthrough time for different powers and pressures in piercing with oxygen. 
 600 W 800 W 1000 W 1200 W 1400 W 
2 bar 24 ms 14-18 ms 12 ms 8-10 ms 8 ms 
0.3 bar 60-70 ms 26 ms 16 ms 18-20 ms 18 ms 
x The breakthrough time decreases with increasing gas pressure as presented in 
Table 5.7. 
x Overall, the volumes of hole, total melt and NEM decrease with increasing power 
as presented in Table 5.8. 
Table 5.8- The volumes of hole, melt and the NEM at breakthrough for different powers and 
pressures in piercing with oxygen. 
 600 W 800 W 1000 W 1200 W 1400 W 
2 bar 
Melt volume 1.25 mm3 1-1.1 mm3 0.8 mm3 0.62 mm3 0.62 mm3 
Hole volume 0.85 mm3 0.8 mm3 0.6 mm3 0.53 mm3 0.54 mm3 
NEM volume 0.4 mm3 0.25 mm3 0.2 mm3 0.09 mm3 0.08 mm3 
0.3 bar 
Melt volume 1.5 mm3 1.05 mm3 0.8 mm3 0.75 mm3 0.85 mm3 
Hole volume 0.7 mm3 0.6 mm3 0.56 mm3 0.5 mm3 0.53 mm3 
NEM volume 0.8 mm3 0.45 mm3 0.24 mm3 0.25 mm3 0.32 mm3 
x In general, the volumes of total melt, hole and NEM decrease with increasing gas 
pressure as presented in Table 5.8. 
x The upper hole width increases as the irradiation time increases until breakthrough 
occurs then it becomes almost constant. 
x The upper hole width at breakthrough slightly decreases just with a variation with 
increasing power as presented in Table 5.9. 
Table 5.9- Upper hole width at breakthrough for different powers and pressures in piercing 
with oxygen. 
 600 W 800 W 1000 W 1200 W 1400 W 
2 bar 0.85-0.9 mm 0.9-1.5 mm 0.85-0.9 mm 0.8-0.9 mm 0.8-0.9 mm 
0.3 bar 1.05 mm 0.96 mm 1.1 mm 0.96 mm 0.91 mm 
5.10.4 Discussion of results 
5.10.4.1 Overall, the OHD and MPD increase as the irradiation time increases.  
As the irradiation time increases, more energy is exerted onto the material. 
Moreover, the time for exothermic oxidation reaction between oxygen and melt 
increases. Thus, the MPD increases as a result of laser irradiation and exothermic 
oxidation reaction. The OHD increases as the yielded melt (with a relatively low 
viscosity [9]) is removed from the hole due to the pressure gradient. The pressure 
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inside the hole is higher than the ambient pressure thus the melt is expelled from the 
hole.  
5.10.4.2 There is a variation in the hole depth graph 
The melt with relatively low viscosity (Fe/FeO [9]) lining the hole wall may collapse 
in the hole during piercing [98] and this brings about a variation in the OHD graph.  
5.10.4.3 There is a jump in the hole depth graph at breakthrough. 
When the breakthrough happens, a large volume of the melt is suddenly removed 
through the rear of the hole resulting in a jump in the OHD graph.  
5.10.4.4 The hole and melt volumes increase with irradiation time until 
breakthrough occurs then the volumes are generally maintained steady 
just with a slight increase.  
The same explanation with 5.9.4.4 (see page 150) i.e. as the laser irradiation time 
increases, the opportunity for laser to melt and penetrate the material laterally 
increases, enlarging the melt and hole volumes. At breakthrough, the laser beam 
passes the sheet through the pierced hole with no further increase in the volumes of 
the melt and hole. However after breakthrough, the lower hole width increases and 
the hole taper decreases with further increase in the irradiation time, increasing the 
volumes slightly. Moreover, hole development does not stop as soon as the energy 
input from the laser stops. On-going melt flow and heat input from the melt 
continues to affect the hole shape and dimensions.  
5.10.4.5 The breakthrough time decreases with increasing power.  
This is because, the energy exerted to the melting zone increases with increase in the 
power thus the laser penetrates the sheet thickness more quickly as a result of heat 
conduction and laser penetration so the breakthrough happens in a shorter irradiation.  
5.10.4.6 The breakthrough time decreases with increasing gas pressure.  
When the pressure of gas is increased, the pressure gradient inside the hole increases 
thus the melt is removed more quickly resulting in decrease in the breakthrough 
time.  
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Since the gas pressure is increased from 0.3 bar to 2 bar, the pressure inside the hole 
increases and as a result of more effective melt ejection the breakthrough time 
decreases. This indicates that a sufficient pressure of oxygen (e.g. 2 bar compared 
with 0.3 bar) in laser piercing can improve the effectiveness of melt ejection to 
decreases the breakthrough time.  
It has been confirmed that in oxygen laser cutting of mild steel there is no 
vaporisation [9] hence the mechanism of melt ejection when piercing with 0.3 bar 
may not be based on the surface vaporisation. In this case, it is to say that due to the 
relatively low viscosity of the melt (Fe/FeO), even a 0.3 bar pressure of oxygen is a 
sufficient pressure to eject the melt. A brief comparison between 0.3 bar O2 with 
0.3 bar N2 clarifies the effect of low viscosity of the melt on the melt ejection and 
breakthrough time (Table 5.10). 
Table 5.10- Breakthrough time for 0.3 bar pressure of nitrogen and oxygen.  
 600 W 80 0W 1000 W 1200 W 1400 W 
0.3 bar N2 - 40-50 ms 50-60 ms 90-100 ms 80-90 ms 
0.3 bar O2 60-70 ms 26 ms 16 ms 18-20 ms 18 ms 
In another point of view, the melt inside the piercing zone undergoes the longer 
irradiation in contrast with cutting. For example, in a typical laser cutting of 2 mm-
thick mild steel sheet with a moderate speed of 5000 mm/min, power of 1400 W and 
with a spot size of 0.2 mm the maximum irradiation time to cut the sheet for a length 
of the beam diameter (disregarding the cutting front angle) will be: 
ܶ݅ ൌ ଴Ǥଶହ଴଴଴ כ  ? ?כ  ? ?ଷ ൌ  ?Ǥ ?ሼ݉ݏሽ  
However, the minimum irradiation time to pierce a sheet with the same thickness and 
power is 18 ms. Thus, there is a possibility that due to the longer irradiation time in 
piercing, the melt may become hotter (i.e. 3000K) to generate a surface vaporisation. 
5.10.4.7 The volumes of hole, melt and the NEM decrease at breakthrough with 
increasing power.  
When the power is increased, the breakthrough happens more quickly. When the 
breakthrough occurs, the laser beam passes through the pierced hole without 
significant further melting so the melt and hole volumes overall decrease 
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(Figure 5.27). As can be seen, the NEM (difference between hole and melt) also 
decreases with increasing power. 
 
Figure 5.27- Volumes of melt, hole and the NEM versus power at breakthrough for different 
oxygen pressure.  
5.10.4.8 In general, the volumes of melt, hole and the NEM at breakthrough 
decrease with increasing gas pressure.  
When the gas pressure is increased, the breakthrough time decreases. When the 
breakthrough happens, the laser beam crosses the sheet through the pierced hole. 
Thus, when the pressure is increased, the breakthrough time decreases, and there is 
less time for the hole and melt to grow laterally as an effect of exothermic reaction 
and heat conduction, this results in decrease in the volumes. Regarding the NEM, 
2 bar oxygen removes the melt from the hole more efficiently in comparison with 
0.3 bar (Figure 5.27).  
5.10.4.9 Overall, the upper hole width increases as the irradiation time increases 
until the breakthrough occurs then it becomes almost constant.  
An upward melt ejection causes erosion at the upper edge of the hole before 
breakthrough. Once the breakthrough occurs, the melt flow is changed to downward; 
hence, there is no further erosion of the upper hole width, so the width is almost kept 
steady. Moreover, at breakthrough the laser crosses the sheet through the pierced 
hole without further melting to widen the hole entrance. 
5.10.4.10 Usually, the upper hole width at breakthrough slightly decreases 
just with a variation with increasing power. 
The same explanation with 5.9.4.8 (see page 151) i.e. the upward melt ejection 
causes erosion on the upper edge of the hole and upward melt ejection is a 
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fluctuating process and hence boosts variations in the hole width. When the power is 
increased, the breakthrough happens quickly, hence there is less melt flow through 
the entrance of the hole, decreasing the variation of the hole width.  
5.11 Comparison of O2 and N2 piercing in low and moderate 
pressure  
Considering the same irradiation time, the depth of melt for 2 bar oxygen is the same 
with 0.3 bar oxygen (Figure 5.28). In most case, when using oxygen, the melt 
penetrates the sheet thickness quicker than nitrogen. For the same irradiation and 
before breakthrough, the OHD in 2 bar oxygen is deeper than that for all other 
employed conditions. This indicates that the melt in 2 bar oxygen piercing is 
expelled easier, and so the breakthrough happens quicker (Figure 5.28).  
 
Figure 5.28- Hole and melt depth versus irradiation time at 1000 W for different gases and 
pressures. Circles show through holes. Dash circles indicate sporadic through holes. 
Regarding the melt volume, Figure 5.29 indicates that considering the same 
irradiation time, the melt volume for oxygen is larger than that produced by nitrogen. 
This is due to the contribution of additional energy input from the oxidation reaction 
to the melting zone. As can be seen, in nitrogen piercing for both employed 
pressures, the melt volume grows with the same slope whereas in oxygen piercing, 
with an increase in the pressure, the melting rate becomes steeper. It must be 
mentioned that the amount of heat produced by the oxidation reaction per mole is not 
affected by the oxygen pressure; and, the thermal energy contributed by the 
oxidation reaction is about 250 kJmol-1 [9]. 2 bar pressure has greater melt ejection 
effectiveness and thus the laser can penetrate further into the material, increasing 
melting rate. Faster penetration with 2 bar confirms this reason (Figure 5.29).  
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Figure 5.29- Melt total volume versus irradiation time at power of 1000 W for different gases 
and pressures. Through holes are shown by circles. Dash circles show sporadic through holes. 
Overall for all conditions, the hole volume increases with irradiation time until 
breakthrough happens, then it almost becomes constant (Figure 5.30). As it is seen, 
the through hole volume in 2 bar oxygen pressure is larger than that for other 
conditions. 2 bar O2 and 2 bar N2 have the same pressure, thus the larger hole 
volume in oxygen is related to the difference in the melting rate, melt properties and 
melt removal efficiency.  
 
Figure 5.30- Hole volume versus irradiation time at power of 1000 W for different gases and 
pressures. Circles indicate through holes. Dash circles show sporadic through holes.  
The melt and hole volumes for oxygen piercing are larger than those are with 
nitrogen (Figure 5.31). This indicates that at the same laser power and same gas 
pressure, oxygen enhances melting and ejects more melt than nitrogen does. The 
molten oxidised iron generates heat as it oxidises and therefore melts more of its 
surrounding material [89]. This exothermic reaction continues for a short time even 
after the laser is turned off. The partially oxidised melt produced has a lower 
viscosity than the unoxidised melt produced when nitrogen is employed [88]. This 
lower viscosity melt can be more easily ejected, resulting in greater hole volume. So 
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there are two things going on here due to the oxidation: 1- More melt is generated.  
2- The viscosity of melt is less. Both of these contribute to increase the volumes. 
 
Figure 5.31- A comparison of oxygen and nitrogen in terms of melt total and hole volumes when 
piercing with 1000W and 2 bar pressure. Circles indicate through holes. Dash circles show 
sporadic through holes.  
The rate of material ejection from the melting zone increases dramatically as the gas 
pressure is increased from 0.3 bar to 2 bar (Figure 5.32). Moreover, if the gas 
pressure is too low to remove the melt at the same rate at which it is generated, then 
hot melt is retained in the hole. This hot melt then conducts heat laterally, which 
causes an additional melting and broadening of the penetration hole. 
 
Figure 5.32- A comparison between 2 bar and 0.3 bar nitrogen pressure in terms of melt and 
hole volumes versus irradiation time. Circles indicate through holes. Dash circles show sporadic 
through holes.  
For both employed gases, with the same pressure and the same irradiation time, the 
MPD increases with power (Figure 5.33). As can be seen, in oxygen when using 
1000 W and 1200 W, the melt reaches the sheet thickness (2 mm) quicker than 
nitrogen, however, when the power increases to 1400 W, both gases show the same 
penetration time.  
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Figure 5.33- Depth of melt versus irradiation time for different powers in 2 bar oxygen and 
nitrogen. 
As can be seen in Figure 5.34, for both assist gases overall, the breakthrough time 
decreases with increasing power. For the same irradiation times, the OHD increases 
with power. With the same power, the breakthrough time in oxygen happens quicker 
than nitrogen. For all conditions, the OHD increases with irradiation time.  
 
Figure 5.34- Depth of hole versus irradiation time for different powers and gases with 2 bar 
pressure. 
Overall, for both assist gases the volumes of melt and hole at breakthrough decrease 
when the power increases from 1000 W to 1400 W. However, as presented in 
Figure 5.35, for oxygen there is slight increase in the volumes when the power 
increases from 1200 W to 1400 W. In most case, the amount of NEM lining the hole 
(the gap between melt and hole volume) for oxygen is less than that for nitrogen.  
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Figure 5.35- The melt and hole volumes versus power for different gases and pressures. 
As is seen in Figure 5.36, the hole diameter at breakthrough decreases with 
increasing power except for 0.3 bar N2. For 2 bar N2, it is in the range of 0.7 mm to 
0.8 mm and for oxygen it is between 0.8 mm to 1.3 mm.  
 
Figure 5.36- Showing hole diameter versus power for different employed gases. 
In general, the time of breakthrough decreases as the power increases except for 
0.3 bar pressure of nitrogen (Figure 5.37). 
 
Figure 5.37- Showing the time when through hole appears at each power intensity.  
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5.12 High power piercing with moderate and high pressure of nitrogen 
5.12.1 With 2 bar nitrogen pressure 
1700 W ± 2 bar pressure of nitrogen 
A B 
 
 
C D 
  
Figure 5.38- Piercing results for 1700 W with 2 bar nitrogen. A) Map of hole growth. B) Depth of hole and melt vs irradiation time. C) Volume of hole, melt total 
and HAZ vs irradiation time. D) Width of hole vs irradiation time. Solid circles indicate the through holes. Dash circles indicate the sporadic through holes. 
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Figure 5.39- Piercing results for 2000 W with 2 bar nitrogen. A) Map of hole growth. B) Depth of hole and melt versus irradiation time. C) Volume of hole, melt 
total and HAZ vs irradiation time. D) Width of hole vs irradiation time. Solid circles indicate the through holes. Dash circles indicate the sporadic through holes. 
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5.12.2 With 4 bar nitrogen pressure 
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Figure 5.40- Piercing results for 1400 W with 4 bar nitrogen. A) Map of hole growth. B) Depth of hole and melt vs irradiation time. C) Volume of hole, melt total 
and HAZ vs irradiation time. D) Width of hole vs irradiation time. Solid circles indicate the through holes. Dash circles indicate the sporadic through holes. 
2.
0 
NEM 
  
 
17
5 
1700 W ± 4 bar pressure of nitrogen 
A B 
 
 
C D 
  
Figure 5.41- Piercing results for 1700 W with 4 bar nitrogen. A) Map of hole growth. B) Depth of hole and melt vs irradiation time. C) Volume of hole, melt total 
and HAZ vs irradiation time. D) Width of hole vs irradiation time. Solid circles indicate the through holes. Dash circles indicate the sporadic through holes. 
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Figure 5.42- Piercing results for 2000 W with 4 bar nitrogen. A) Map of hole growth. B) Depth of hole and melt vs irradiation time. C) Volume of hole, melt total 
and HAZ vs irradiation time. D) Width of hole vs irradiation time. Solid circles indicate the through holes. Dash circles indicate the sporadic through holes. 
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5.12.3 With 8 bar nitrogen pressure 
1400 W ± 8 bar pressure of nitrogen 
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Figure 5.43- Piercing results for 1400 W with 8 bar nitrogen. A) Map of hole growth. B) Depth of hole and melt vs irradiation time. C) Volume of hole, melt total 
and HAZ vs irradiation time. D) Width of hole vs irradiation time. Solid circles indicate the through holes. Dash circles indicate the sporadic through holes. 
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Figure 5.44- Piercing results for 1700 W with 8 bar nitrogen. A) Map of hole growth. B) Depth of hole and melt vs irradiation time. C) Volume of hole, melt total 
and HAZ vs irradiation time. D) Width of hole versus irradiation time. Solid circles indicate the through holes. Dash circles indicate the sporadic through holes. 
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Figure 5.45- Piercing results for 2000 W with 8 bar nitrogen. A) Map of hole growth. B) Depth of hole and melt vs irradiation time. C) Volume of hole, melt total 
and HAZ vs irradiation time. D) Width of hole vs irradiation time. Solid circles indicate the through holes. Dash circles indicate the sporadic through holes. 
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5.12.4 With 12 bar nitrogen pressure  
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Figure 5.46- Piercing results for 1400 W with 12 bar nitrogen. A) Map of hole growth. B) Depth of hole and melt vs irradiation time. C) Volume of hole, melt total 
and HAZ vs irradiation time. D) Width of hole vs irradiation time. Solid circles indicate the through holes. Dash circles indicate the sporadic through holes. 
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Figure 5.47- Piercing results for 1700 W with 12 bar nitrogen. A) Map of hole growth. B) Depth of hole and melt vs irradiation time. C) Volume of hole, melt total 
and HAZ vs irradiation time. D) Width of hole vs irradiation time. Solid circles indicate the through holes.  
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Figure 5.48- Piercing results for 2000 W with 12 bar nitrogen. A) Map of hole growth. B) Depth of hole and melt versus irradiation time. C) Volume of hole, melt 
total and HAZ versus irradiation time. D) Width of hole versus irradiation time. Solid circles indicate the through holes.  
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The results of hole and melt growth in piercing with different powers of 1400 W to 
2000 W and a variety of nitrogen pressure from 2 bar to 12 bar, are illustrated in 
Figure 5.38 to Figure 5.48 as the irradiation time increases. Qualitatively, the hole 
shape has been changed with decrease in the hole taper and becomes cylindrical as 
the irradiation time increases (Figure 5.38-A to Figure 5.48-A). Overall, the OHD 
and MPD are enlarged with increasing irradiation time until they reach the thickness 
of sheet (Figure 5.38-B to Figure 5.48-B). Penetration is sporadic before it becomes 
established except when piercing with a combination of sufficient power and 
pressure e.g. 2000 W- 4 bar. Table 5.11 presents the percentage of through hole 
appearance at breakthrough time.  
Table 5.11- Percentage of through hole appearance for variety of nitrogen pressure at different 
irradiation times and powers. 
Pressure 1400 W 1700 W 2000 W 
2 bar - 6 ms 8 ms 2 ms 4 ms 6 ms 
- 60% 100% 60% 80% 100% 
4 bar 4 ms 6 ms 8 ms 4 ms 6 ms 2 ms 40% 60% 100% 60% 100% 100% 
8 bar 4 ms 6 ms 8 ms 4 ms 2 ms 40% 80% 100% 100% 100% 
12 bar 4 ms 6 ms 8 ms 4 ms 2 ms 40% 80% 100% 100% 100% 
In general, the volumes of hole and melt total increase with irradiation time until 
breakthrough occurs then they become constant just with a slight increase 
(Figure 5.38-C to Figure 5.48-C). Regarding the hole diameter, overall, the upper 
hole diameter initially increases with irradiation time until breakthrough happens 
then it becomes almost constant just with a slight variation (Figure 5.38-D to 
Figure 5.48-D). The lower width gradually increases with irradiation time and then 
just with a slight increase it becomes constant. 
5.12.5 Comparison of results  
x Breakthrough time decreases with increasing power and pressure as presented in 
Table 5.12. 
Table 5.12- Breakthrough time for different nitrogen pressure with different powers. 
Pressure 1400 W 1700 W 2000 W 
2 bar - 6-8 ms 4-6 ms 
4 bar 6-8 ms 4-6 ms < 2 ms 
8 bar 4-6 ms 4 ms < 2 ms 
12 bar 4-6 ms 4 ms < 2 ms 
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x In general, the hole and melt volumes at breakthrough slightly decrease with 
increasing power as indicated in Table 5.13. 
x The hole and melt volumes at breakthrough slightly decrease with increasing 
pressure as presented in Table 5.13. 
Table 5.13- The melt and hole volumes at breakthrough time for different powers and nitrogen 
pressures. 
Pressure  1400 W 1700 W 2000 W 
2 bar Melt - 0.46 mm
3
 0.35 mm3 
Hole - 0.36 mm3 0.28 mm3 
4 bar Melt 0.37 mm
3
 0.33 mm3 0.3 mm3 
Hole 0.26 mm3 0.25 mm3 0.24 mm3 
8 bar Melt 0.36 mm
3
 0.31 mm3 0.29 mm3 
Hole 0.28 mm3 0.25 mm3 0.23 mm3 
12 bar Melt 0.34 mm
3
 0.33 mm3 0.3 mm3 
Hole 0.27 mm3 0.25 mm3 0.24 mm3 
x The upper hole width at breakthrough decreases with increasing power as 
presented in Table 5.14. 
x The upper hole width at breakthrough slightly decreases with increasing pressure 
as shown in Table 5.14. 
Table 5.14- Upper hole width at breakthrough time for different powers.  
Pressure 1400 W 1700 W 2000 W 
2 bar  0.7 mm 0.56 mm 
4 bar 0.62 mm 0.58 mm 0.53 mm 
8 bar 0.56 mm 0.53 mm 0.51 mm 
12 bar 0.53 mm 0.53 mm 0.51 mm 
5.12.6 Discussion of results 
5.12.6.1 Breakthrough time decreases as the power and pressure increase:  
In Table 5.12, Figure 5.49 and Figure 5.50, the difference in breakthrough between 
2 bar and other pressures at the similar power range of 1400 W to 2000 W is 
meaningful. As the power increases, more energy is input to the melting zone 
increasing the melt temperature, decreasing the melt viscosity and easing the melt 
ejection, resulting in increase in penetration and a decreasing breakthrough time. As 
the pressure is increased, the melt removal effectiveness is increased; hence the laser 
penetration increases, resulting in quick breakthrough. Although breakthrough time 
can be decreased by increasing power or pressure or both, diminishing returns can be 
observed which is related to the sheet thickness. This means that for a specific 
thickness, there is a certain limit (highest power and pressure) where beyond that 
certain limit there is no further effect on the breakthrough time.  
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Figure 5.49- Breakthrough time as a function of power and nitrogen pressure.  
 
Figure 5.50- Breakthrough time versus nitrogen pressure for different powers.  
5.12.6.2 The hole diameter decreases with increasing power and gas pressure:  
As the power increases, the breakthrough time decreases. Therefore, there is less 
time for hole width to widen laterally as a result of heat conduction. Moreover, there 
is less time for the upward melt ejection to erode the upper hole edge. Thus, the 
through hole width decreases with increasing power and pressure as presented in 
Figure 5.51. Although the hole entrance decreases with increasing power or pressure 
or both, a diminishing returns can be seen at which there is more effective increasing 
pressure from 2 to 4 bar than from 8 to 12 bar.  
5.12.6.3 The hole and melt volumes at breakthrough decrease with increasing 
power and pressure.  
This is because, when the power increases, more energy is input into the piercing 
zone, so the melt temperature increases, the melt viscosity decreases, the melt 
ejection effectiveness increases and the breakthrough time decreases as a result of 
vertical penetration, thus there is less time for melt and hole to grow laterally as a 
result of laser absorption and heat conduction. As is seen in both graphs, the volumes 
decrease with increasing pressure. Moreover, the volume of NEM lining the hole 
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(difference between melt and hole volumes) meaningfully decreases with increasing 
power and pressure. This is because, with increase in the power the temperature of 
melt increases and it is more likely that the viscosity of melt decreases. Lower 
viscosity will also enhance melt ejection efficiency. Figure 5.52 and Figure 5.53 
show how the volumes at breakthrough decrease with power and pressure.  
 
Figure 5.51- Showing the upper diameter of the through hole versus power intensity for variety 
of nitrogen pressure. 
 
Figure 5.52- The volumes of melt and hole (at breakthrough) vs power for nitrogen pressures. 
 
Figure 5.53- The melt and hole volumes versus irradiation time for a moderate power-pressure 
(1000 W, 2 bar nitrogen) and a relatively high power-pressure nitrogen piercing (2000 W, 
12 bar). Circles show through holes. Dash circles show sporadic penetration.  
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5.13 High power piercing with moderate and high pressure of oxygen 
5.13.1 With 2 bar pressure of oxygen 
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Figure 5.54- Piercing results for 1700 W with 2 bar oxygen. A) Map of hole growth. B) Depth of hole and melt versus irradiation time. C) Volume of hole, melt total 
and HAZ versus irradiation time. D) Width of hole versus irradiation time. Solid circles indicate the through holes.  
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Figure 5.55- Piercing results for 2000 W with 2 bar oxygen. A) Map of hole growth. B) Depth of hole and melt versus irradiation time. C) Volume of hole, melt total 
and HAZ versus irradiation time. D) Width of hole versus irradiation time. Solid circles indicate the through holes. 
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5.13.2 With 4 bar oxygen pressure 
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Figure 5.56- Piercing results for 1400 W with 4 bar oxygen. A) Map of hole growth. B) Depth of hole and melt versus irradiation time. C) Volume of hole, melt total 
and HAZ versus irradiation time. D) Width of hole versus irradiation time. Solid circles indicate the through holes. 
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Figure 5.57- Piercing results for 1700 W with 4 bar oxygen. A) Map of hole growth. B) Depth of hole and melt versus irradiation time. C) Volume of hole, melt total 
and HAZ versus irradiation time. D) Width of hole versus irradiation time. Solid circles indicate the through holes. 
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Figure 5.58- Piercing results for 2000 W with 4 bar oxygen. A) Map of hole growth. B) Depth of hole and melt versus irradiation time. C) Volume of hole, melt total 
and HAZ versus irradiation time. D) Width of hole versus irradiation time. Solid circles indicate the through holes. Dash circles indicate the sporadic through holes. 
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5.13.3 With 8 bar oxygen pressure 
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Figure 5.59- Piercing results for 2000 W with 8 bar oxygen. A) Map of hole growth. B) Depth of hole and melt versus irradiation time. C) Volume of hole, melt total 
and HAZ versus irradiation time. D) Width of hole versus irradiation time. Solid circles indicate the through holes.  
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The results of piercing for different powers of 1400 W to 2000 W using a variety of 
oxygen pressures from 2 bar to 8 bar with increasing irradiation time have been 
presented in Figure 5.54 to Figure 5.59. In most case, the depths of melt and hole 
extend with irradiation time until breakthrough happens (Figure 5.54-B to 
Figure 5.59-B). In general, the volumes of melt total and hole enlarge with 
irradiation time until breakthrough occurs, then they remain steady (Figure 5.54-C to 
Figure 5.59-C). Generally, upper width slightly widens as the irradiation time 
increases, with a variation, however at breakthrough it tends to become constant 
(Figure 5.54-D to Figure 5.59-D). At breakthrough, the lower diameter increases 
with further irradiation time decreasing the hole taper. Here, it must be mentioned 
that during piercing with 8 bar of oxygen pressure it was observed that due to a huge 
oxidation burning, fiery particles were thrown out of the piercing zone in all 
directions with a risk of burning which could destroy the nozzle. Piercing with 8 bar 
pressure of oxygen made a hole with a coarse shape and very large hole diameter. 
5.13.4 Comparison of the results 
In order to better compare the effect of power on 2 bar oxygen piercing, the results of 
piercing with 1400W have been added to this section.  
x The breakthrough time decreases with increasing power as presented in 
Table 5.15.  
Table 5.15- Breakthrough time for different powers and oxygen pressures. 
Pressure 1400 W 1700 W 2000 W 
2 bar 8 ms 6 ms 6 ms 
4 bar 8 ms 6 ms 4-6 ms 
8 bar 6-8 ms 4-6 ms 4 ms 
x The hole and melt volumes at breakthrough decrease with increasing power as 
presented in Table 5.16.  
x The volumes enlarge with increase in the gas pressure as indicated in Table 5.16.  
Table 5.16- Melt and hole volumes at breakthrough and afterwards for different powers and 
oxygen pressures. 
Pressure  1400 W 1700 W 2000 W 
2 bar Melt  0.62 mm
3
 0.6mm3 0.58mm3 
Hole  0.54mm3 0.49mm3 0.51mm3 
4 bar Melt  1.3mm
3
 1.2 mm3 0.78mm3 
Hole  1.1mm3 1.0mm3 0.60mm3 
8 bar Melt - - 2-15 mm
3
 
Hole - - 2-15 mm3 
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x Overall, the hole width at breakthrough slightly decreases with increasing power 
as presented in Table 5.17.  
x With the same power the hole width widens with increase in the oxygen pressure.  
Table 5.17- Upper hole width at breakthrough time for different powers and oxygen pressures  
Pressure 1400 W 1700 W 2000 W 
2 bar 0.8-0.9 mm 0.9 mm 0.85-1 mm 
4 bar 1.6 mm 1.55 mm 1.35 mm 
8 bar 3-4.5 mm 2.8-4 mm 2.5-3.8 mm 
5.13.5 Discussion of results 
5.13.5.1 Breakthrough time decreases with increasing power.  
When the power is increased, the applied heat to the melting zone is increased. As a 
result of heat conduction, the melt vertically penetrates the thickness of sheet more 
quickly thus the breakthrough time decreases (Figure 5.60). 
 
Figure 5.60- Breakthrough time as a function of power for variety of oxygen pressures.  
5.13.5.2 Breakthrough time decreases with increasing oxygen pressure.  
When the gas pressure is increased from 0.3 bar to 2 bar, the melt is removed more 
efficiently and hence the breakthrough time significantly decreases (Figure 5.60). In 
high power piercing (e.g. from 1400 W forwards), the breakthrough time slightly 
decreases with increasing oxygen pressure (Figure 5.61). A comparison between 
Figure 5.60 and Figure 5.61 implies that there is no further benefit in breakthrough 
time beyond 2 bar showing that 2 bar oxygen can eject melt as fast as it is generated. 
Moreover, power is more effective at decreasing breakthrough time.  
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Figure 5.61- Pierce breakthrough times for variety of oxygen pressure and laser powers.  
5.13.5.3 Overall, the hole diameter decreases with increasing power:  
As presented in Figure 5.62, when the power is increased, the breakthrough time 
slightly decreases. Thus, there is less time for the hole to grow laterally as a result of 
heat conduction. Furthermore, when the breakthrough happens, the erosion of upper 
hole edge is stopped as a result of the change in the melt removal direction from the 
upward melt ejection to the downward melt ejection.  
 
Figure 5.62- Upper pierce hole diameter for oxygen at a range of powers and gas pressures.  
5.13.5.4 The hole diameter increases with increasing gas pressure.  
When the oxygen pressure is increased, the rate of exothermic reaction between 
oxygen and melt increases thus, significant heat is yielded in the piercing zone 
enhancing the melting and hole diameter (Figure 5.62). 
The reason why the hole shape gets worse with increase in the oxygen pressure 
might be related to the oxidation burning. During laser melting of mild steel the 
exothermic oxidation reaction between iron and oxygen to FeO inputs a large amount 
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of heat into the melting zone [9]. The thermal energy evolved by oxidation reaction 
is approximately 250 kJmol-1. When the oxygen pressure is increased, the boiling 
point of Fe and dissociation temperature of FeO increases, however, the amount of 
heat evolved by oxidation reaction per mole ( ?ܪ) is not affected [9]. When the 
oxygen pressure increases, a further mole of oxygen is added to the melting zone 
hence the oxidation energy released to the melting zone considerably increases 
resulting in a sudden melt extension and an increase in the melt temperature. 
Figure 5.63 indicates that when the oxygen pressure increases form 2 bar to 4 bar, the 
volumes of hole and melt increase. Moreover, FeO in the iron melt decreases the 
melt viscosity [9, 89], and as the temperature of the melt increases the viscosity of 
melt is further decreased resulting in an easy melt expulsion [9, 89]. Thus, the high 
pressure of oxygen easily ejects this very low viscosity hot melt from the melting 
zone resulting in a heavy fiery melt expulsion. It is found that piercing using a high 
pressure of oxygen (e.g. 8 bar) involves an uncontrollable melting zone therefore a 
big hole with a random shape and large entrance is achieved, resulting in the lowest 
quality of piercing (Figure 5.59-A and Figure 5.62). As the power increases, the 
MPD increases and so the breakthrough occurs at a shorter irradiation time. For 
example in 4 bar pressure, breakthrough with 2000 W happens at 4-6 ms while with 
1400 W it occurs at 8 ms (Figure 5.60 and Figure 5.61). A comparison of 2 bar and 
4 bar oxygen pressure using 2000 W laser power in terms of melt and hole volumes 
is presented in Figure 5.63. As is seen, the volumes of hole and melt increase when 
the gas pressure increases. Furthermore, the NEM (difference between hole and melt) 
increases as the oxygen pressure increases. 
 
Figure 5.63- The volume of the melted zone and the hole volume versus irradiation time for two 
oxygen pressures at the power of 2000 W Circles show through holes. Dash circles show 
sporadic penetration. 
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As is seen in Figure 5.64, the volumes of melt and hole at breakthrough using 
1000 W are larger than those for 2000 W. Moreover, the NEM lining the surface of 
hole for 1000 W is larger than that for 2000 W. 
 
Figure 5.64- The volumes of melt and hole versus irradiation time when piercing with 2 bar 
oxygen pressure with powers of 1000 W and 2000 W. Circles show through holes.  
To summarise in this section, the exothermic oxidation reaction between melt iron 
and oxygen affects the melt, adds FeO to the melt and decreases the viscosity of melt 
[9]. In laser piercing with oxygen, the additional energy and also the reduction of 
melt viscosity obviously affects the hole generation and causes some advantages and 
disadvantages. Due to the extra energy, melting of the material occurs rapidly and 
penetration of the laser to the sheet is accelerated hence breakthrough happens at 
shorter irradiation time. Moreover due to the low viscosity of melt, the melt ejection 
effectiveness enhances and this helps the laser beam penetrate the sheet quickly. 
However, the hole is not symmetrical and severe erosion at the upper edge of the 
pierced hole brings about a wide hole. 
5.14 Hole characteristics  
With regard to the characteristics of the holes pierced by oxygen and nitrogen, the 
EDS observation of the holes pierced at 100 W and 50 ms is presented. The line scan 
EDS of a hole pierced by oxygen confirmed the presence of a relatively thick oxide 
layer on the edge and inside the hole (Figure 5.65 and Figure 5.66). 
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Figure 5.65- Indicating a hole accompanied by an oxide layer which is pierced by 100 W fibre 
laser-oxygen at 50 ms. Cross section of the hole is shown in B. The Gaussian curve to compare 
with the shape of the hole is shown.  
 
Figure 5.66- Showing the line scan EDS results at the edge of hole.  
Micrograph of the hole pierced by nitrogen (Figure 5.67) showed that the hole is 
excluded from the oxide layer which could be seen in the hole produced by oxygen 
(compare with Figure 5.65-A). EDS examination qualitatively indicates that the 
amount of oxygen on the spatter near the hole edge is not significant in comparison 
with oxygen hole.  
 
Figure 5.67- Showing a hole pierced by nitrogen with the EDS examination at the edge of the 
hole. 
 199 
 
5.15 Summary of piercing results 
The results of an experimental study on the CW fibre laser piercing of 2 mm-thick 
mild steel sheet with using oxygen and nitrogen as assist gases and different 
pressures from 0.3 bar to 12 bar at a variety of laser powers from 600 W to 2000 W 
were presented. The map of hole growth, hole dimensions, melt and hole volumes as 
a function of irradiation time were shown for a variety of piercing conditions. The 
results were studied in low, moderate and high power-pressure and then compared in 
terms of power, gas type and pressure. Some important results are presented as 
below. 
According to our results, a brief comparison between oxygen and nitrogen regarding 
the effect of gas type and pressure on the melting zone has been gathered in 
Table 5.18. Some results are consistent with the literature given as the references.  
Table 5.18- Showing a brief comparison between oxygen and nitrogen as assist gas. 
Gas Characteristics 
2 bar O2 
x Mechanical ability to eject molten material from the melting zone [1, 89]. 
x Exothermic oxidation reaction with molten iron adding more heat to the melting zone [9, 87]. 
x Change in melt component (Fe + FeO), might affect beam reflection [52, 87]. 
x Decrease in melt viscosity, ease melt ejection [89]. 
0.3 bar O2 
x Limited mechanical ability to eject the melt, but hole was formed. So maybe it has a little effect 
or maybe there is another phenomenon. 
x Exothermic oxidation reaction with molten iron adding more heat to the melting zone [1, 89]. 
x Change in melt component (Fe + FeO), might affect beam reflection [52, 87]. 
x Decrease in melt viscosity, ease melt ejection [89] . 
2 bar N2 
x Mechanical ability to expel molten material from the melting zone [1, 89, 119]. 
x No reaction with molten iron [1, 89, 119]. 
0.3 bar N2 
x Limited mechanical ability to eject molten material, but hole was formed. So maybe it has a little 
effect or maybe there is another phenomenon. 
x No reaction with molten iron [89]. 
5.15.1 General results  
1- The depths of hole and melt increase with irradiation time until breakthrough 
occurs. 
2- The volumes of hole and melt gradually increases with irradiation time until 
breakthrough happens then they almost become constant just with a variation.  
3- The upper hole width increases as the irradiation time increases until 
breakthrough occurs then it becomes almost constant. 
4- The HAZ is usually observed around the NEM. The HAZ volume follows the 
melt volume.  
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5- Holes pierced by oxygen are considerably wider than those produced by 
nitrogen. 
6- Efficient melt removal requires sufficient laser power and sufficient assist gas 
pressure. 
7- When piercing with low gas pressure (e.g. 0.3 bar), in nitrogen piercing the 
melt is ejected by the melt surface vaporisation pressure but in oxygen 
piercing the gas pressure is still capable to remove the low viscosity melt.  
8- Continued irradiation after initial piercing for a limited time can decrease the 
hole taper modifying the final hole shape. 
9- A relatively thick oxide layer can be observed inside the hole pierced by 
oxygen whereas this feature cannot be observed in the hole pierced by 
nitrogen.  
5.15.2 Nitrogen piercing results  
1- When piercing with 2 to 12 bar, the breakthrough time decreases with 
increasing power but it increases with power when piercing with 0.3 bar. 
2- With the same power, the breakthrough time significantly decreases when the 
pressure increases from 0.3 to 4 bar. Further increase in the gas pressure does 
not have significant effect in the breakthrough time reduction. 
3- Piercing time reduces with increasing gas pressure up to a certain threshold 
(approximately 6 bar in this case). Above this threshold pressure the piercing 
time is unaffected by further increases in pressure. 
4- When piercing with 2 to 12 bar, the hole and melt volumes at breakthrough 
decrease with increasing power while in piercing with 0.3 bar the volumes 
overall increase with power. 
5- With the same power, overall, the hole and melt volumes at breakthrough 
decrease as the pressure increases from 0.3 to 12 bar. 
6- With the same power at breakthrough the gap between hole and melt volumes 
(the NEM volume) decreases as the pressure increases. 
7- When piercing with 2 to 12 bar, overall, the upper hole width at breakthrough 
decreases with increasing power while at 0.3 bar there is a variation in the 
hole width with increasing power. 
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8- Generally, with the same power the upper hole width at breakthrough slightly 
decreases with increasing pressure. 
5.15.3 Oxygen piercing results  
1- Overall, the breakthrough time decreases with increasing power.  
2- With the same power, the breakthrough time decreases significantly when the 
gas pressure increases from 0.3 to 2 bar. With further increase in the oxygen 
pressure the breakthrough time slightly decreases. 
3- Generally, the hole and melt volumes at breakthrough decrease with 
increasing power. 
4- With the same power, the volumes of melt, hole and the NEM at 
breakthrough decrease when the gas pressure increases from 0.3 to 2 bar. 
With further increase in the oxygen pressure the volumes enlarge. 
5- Overall, the upper hole width at breakthrough slightly decreases with 
increasing power. 
6- In general, the upper hole width at breakthrough widens with increasing 
oxygen pressure. 
5.16 Piercing with nitrogen - cutting with oxygen  
At the beginning of this chapter, it was discussed that one of the main problems in 
oxygen laser cutting is that the width of start-up hole at the beginning of each cut 
generally exceeds the kerf width and thus this decreases the quality of the cut part 
edge. The ideal case would be for the diameter of the initial pierced hole to match the 
kerf width. There would then be no need for the pierced hole to lie off of the final cut 
line which would result in two benefits: 
1. Cut parts could be placed closer together on the sheet, saving material. 
2. The cut line from the pierce hole to the required profile would not be 
necessary, reducing process time.  
Now, the aim of this section is to introduce a new invention to decrease the diameter 
of the initial hole at the beginning of oxygen laser cutting of mild steel. 
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From the results of piercing experiments it has been derived that the hole diameter in 
nitrogen piercing is smaller than that is in oxygen piercing. This might be a key to 
approaching the aim. A look on the kerf width results of the primary cut experiments 
(chapter 4) can get us closer to the goal. A comparison of through hole diameter and 
the range of kerf width when using nitrogen assist gas is presented in Figure 5.68. As 
can be seen, the range of average hole diameter is between 0.48 mm for 12 bar to 
0.8 mm for 2 bar while the range of kerf width for nitrogen laser cutting is between 
0.3 mm to 0.4 mm.  
 
Figure 5.68- Upper pierced hole diameter for nitrogen at a range of powers and gas pressures. 
Figure 5.69 indicates a comparison of through hole diameter and the range of kerf 
width with using oxygen assist gas. The range of upper hole diameter for different 
gas pressure is between 1 mm to 3 mm while the range of kerf width in oxygen laser 
cutting is between 0.4 mm to 0.7 mm.  
 
Figure 5.69- Upper pierced hole diameter for oxygen at a range of powers and gas pressures. 
The results presented so far indicate that industrially realistic pressures and powers 
will not allow the pierced hole diameter to be less than the kerf width, so another 
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approach is needed. Comparison of Figure 5.68 and Figure 5.69 indicates that 
nitrogen assisted piercing can produce pierce holes that are of the same dimensions 
as oxygen kerf widths. This comparison briefly presented in Figure 5.70. 
 
Figure 5.70- Showing that the kerf width in oxygen laser cutting is in the range of nitrogen 
piercing. 
Having confirmed that the hole diameter in nitrogen piercing is in the range of kerf 
width of oxygen laser cutting, we can now introduce a new method in laser cutting 
which involves piercing on the cut line with nitrogen and cutting with oxygen. 
According to this hypothesis, a proof of principle experiment was carried out.  
5.16.1 Results  
The detail of doing this experiment is properly discussed in chapter 3; however, this 
is appropriate to briefly remind some important parameters as presented in 
Table 5.19 with the results of hole and kerf width measurements.  
Table 5.19- The parameters of pre-piercing with 3bar pressure of nitrogen and cutting with 
2 bar oxygen pressure (2 mm thick mild steel, 200µm spot size, 120mm optical length).  
Piercing parameters Cutting parameters 
Dia/kerf 3 bar nitrogen pressure 2 bar oxygen pressure 
Power Irradiation time Dia. Power Cutting speed Kerf width 
1200W 24ms 920µm 1000W 4000mm/min 510 1.8 
1200W 28ms 800µm 1000W 4000mm/min 500 1.6 
1200W 30ms 830µm 1000W 5000mm/min 480 1.7 
1200W 32ms 920µm 1000W 6000mm/min 470 1.96 
1500W 20ms 760µm 1500W 6000mm/min 750 1.01 
1500W 20ms 740µm 1500W 5000mm/min 660 1.12 
1500W 20ms 750µm 1500W 4000mm/min 570 1.3 
A primary experiment in off axis piercing confirmed that with the employed inclined 
nozzle the minimum nitrogen pressure to pierce a through hole was 3bar and below 
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this pressure there was no breakthrough. Moreover, at the power of 1000 W and less 
there was no through hole. Overall, the breakthrough time increases in comparison 
with the normal piercing. 
Figure 5.71-(A) indicates two holes pierced by an inclined nozzle with 3 bar pressure 
of nitrogen at power intensity of 1500 W and 20 ms irradiation time.  
 
Figure 5.71- A) Showing two holes pierced by inclined nozzle. (3bar pressure of nitrogen, 
1500 W, 20 ms). Directional spatter on the sheet is due to inclined nozzle. B) Possibility of 
decrease in the pressure at the entrance of the hole. 
In off axis piercing a long spatter is observed on the sheet which is extended at one 
side of the hole entrance opposite to the inclined nozzle (Figure 5.71-A). This is due 
to the inclined nitrogen nozzle which is shown in Figure 5.71-B. The melt layer tends 
to move from one side of the hole to the other side in front of the inclined nozzle. 
While the melt is ejecting from the hole, the inclined gas pressure pushes the melt to 
the opposite side generating a directional spatter on the sheet (Figure 5.72).  
The upward melt flow must be due to the pressure gradient inside the hole. An 
inclined nitrogen jet most likely can decrease the pressure inside the hole.  
A B 
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Figure 5.72- Showing off axis piercing with an inclined nitrogen nozzle.  
A comparison between common laser-oxygen cutting with the new method is shown 
in Figure 5.73. As can be seen the start-up hole diameter in the new method (B) is 
lower than that in common laser cutting (A). Another characteristic of the nitrogen 
piercing-oxygen cutting is related to the difference in the oxidation mark on the 
surface of sheet. As is seen in Figure 5.73 nitrogen has not affected the surface 
around the start-up hole while a dark area can be observed in both sides of oxygen 
cut kerf. 
Figure 5.73 (B) shows a cut which was produced by the new method.  
 
Figure 5.73- (A) Common laser-oxygen cutting (1500 W-6000 mm/min, 2 bar oxygen). 
(B) Nitrogen piercing-oxygen cutting method (Piercing parameters: 1500 W, 20 ms, 
3 bar nitrogen and cutting parameters: 1500 W, 6000 mm/min, 2 bar oxygen).  
As can be seen the start-up hole is well matched to the kerf width. Some variation is 
observed RQ WKH NHUI¶V HGJHV at the beginning of each cut where the kerf looks 
coarse. This is due to the acceleration of the CNC table and also the lack of steady 
state conditions. This shape of primary formation of the kerf is most likely related to 
the uncontrolled melting by cyclic oxidation burning which brings about an unsteady 
Cutting direction 
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state cutting [88]. The discrepancy between the laser velocity and cyclic oxidation 
burning rate might raise the unsteady laser cutting condition. At the middle of the cut 
path the cutting speed is constant and a steady state cutting dominates. Subsequently, 
the rough edges of the kerf disappear and a fine kerf with a narrower width 
(compared to the beginning part of cut) is achieved.  
Another benefit of nitrogen piercing-oxygen cutting is that the spatter of piercing 
will be removed by laser cutting if the setup is as shown in Figure 5.72.  
In order to directly compare the initial hole diameter and kerf width, a hole with off-
axis nitrogen was pierced at the middle of the cut path before cutting as presented 
Figure 5.74.  
 
Figure 5.74- A hole with nitrogen was pierced at the middle of cut path before cutting by 
oxygen. (Left: piercing at 1500 W, 20 ms and cutting at 1500 W, 6000 mm/min ± Right: piercing 
at 1500 W, 20 ms and cutting at 1500 W, 5000 mm/min.  
As is seen in Figure 5.74, the off axis pierced holes have been well matched with the 
kerf width. Thus disregarding the effect of unsteady state cutting on the kerf 
formation at the beginning of each cut, it is clear that the use of this type of piercing 
could allow the piercing hole to lie on the cut line of the finished product. Obviously 
this use of two gases ± nitrogen to pierce, followed by oxygen to cut, would need to 
be optimised in order to allow rapid pierce times and a lower entrance diameter. 
However there are many applications where the saving in material could be very 
worth-while ± for example, when cutting interlocking parts with shared cut profiles, 
or when cutting rings within rings to produce sets of laser cut washers or shims.  
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6 Specific Point Energy  
6.1 Introduction 
This chapter presents a study of fibre laser cutting based on a novel experimental 
research method which was developed by Suder and Williams from Cranfield 
university to investigate fibre laser welding [11]. The investigation into the effects of 
laser material interaction parameters on laser welding by Cranfield has indicated that 
three basic laser material interaction parameters (i.e. power density, interaction time 
and specific point energy) allow the welding process to be defined regarding the 
depth of penetration and weld width. The aim of this chapter is to find out if these 
basic laser parameters can be used in a similar way for laser cutting.  
Fibre lasers are very flexible in terms of power, beam diameter, power density and 
total energy delivered to a sheet, which makes them attractive for many applications 
such as welding and cutting. The beam diameter has a major influence in this energy 
flexibility, the importance of which is often underrated. In laser welding, the depth of 
penetration is a key parameter and laser welders usually need to adjust parameters for 
the material being welded. The same depth of penetration can be achieved with 
different combinations of system parameters, such as power and travel speed, which 
makes the parameter selection complicated. In most experimental research, the 
penetration depth has been studied based on the system parameters, such as the laser 
output power and the welding speed. Suder et al. [11] experimentally used a set of 
laser parameters to uniquely describe the characteristic of the heat source on the 
sheet. This is a new approach which allows welding to compose different welding 
systems working at different powers with different optics and different process 
speeds. They used an 8 kW fibre laser machine with different focussing lenses with 
focal lengths ranging from 150 to 300 mm to achieve different beam diameters 
ranging from 0.38 to 0.78 mm on the surface of sheet. A beam profiler was used to 
identify the beam diameter and focal point position. All welds were sectioned, 
polished and examined under an optical microscope in order to measure the depth of 
penetration.  
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Figure 6.1- Schematic of interaction of laser beam with workpiece [12].  
They found that at a constant beam diameter (e.g. 0.63 mm) the depth of penetration 
linearly increases with power density. In contrast, the depth of weld logarithmically 
increases with interaction time (interaction time = beam diameter divided by welding 
speed). In all cases, either with constant power density and increasing interaction 
time or with constant interaction time and increasing power density, the depth of 
weld increased with increasing beam diameter on the surface of sheet [11].  
6.2 Basic laser material interaction parameters 
The following section is a summary of the paper published by Suder et al. [12]. In 
order to understand the parameters controlling the depth of penetration and weld 
width it is essential to study the fundamental laser material interaction parameters. 
The interaction of a fibre laser beam with a sheet material is determined by power 
density (ݍ௣), interaction time ሺ ௜ܶሻ and the size of heat source on the workpiece [12].  
6.2.1 Power density 
The average power density (ݍ௣), of a laser beam, is specified by Equation 6.1 where 
P is laser power and ܣ௦ is the laser spot area on the sheet surface.  
 ݍ௉ ൌ ܲܣௌ ሼܹ݉ିଶሽ 6.1 
6.2.2 Interaction time 
The interaction time defines the time during which a point on the workpiece is 
irradiated by the laser beam. Considering a point on the centreline of the weld, the 
interaction time ௜ܶ for a circular beam spot size with the diameter of d which moves 
with a constant cutting speed for a distance of d is given in Equation 6.2 and 
Figure 6.3. This definition explains the maximum interaction time on the cut 
centreline.  
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 ௜ܶ ൌ ܸ݀ ሼݏሽ 6.2 
6.2.3 Energy density 
The average energy density, i.e. the energy delivered to the cutting zone per unit 
area, is the product of power density and interaction time and is defined by 
Equation 6.3.  
 ݍா ൌ ݍ௣Ǥ ௜ܶ ൌ ܲǤ ݀ܣௌ Ǥ ܸ ሼܬ݉ିଶሽ 6.3 
6.2.4 Specific point energy  
The usual consideration of power density and interaction time gives an incomplete 
analysis system to compare different combinations of laser parameters. This is 
because, with the same energy density (product of power density and interaction 
time) applied with different beam size, different energies will be delivered to the 
laser processing zone. Hence, a third factor is required. For the laser welding 
mechanism, it can be considered that laser welding is a periodic process whose cycle 
time is the interaction time. Then, the energy delivered to the welding zone in the 
interaction time of ௜ܶ is the specific point energy (ܧௌ௉) [11] which can be calculated 
by Equation 6.4.  
 ܧௌ௉ ൌ ݍ௉  ? ௜ܶ  ? ܣௌ ൌ ܲ  ? ௜ܶ ൌܲ  ? ܸ݀ ሼܬሽ 6.4 
Figure 6.2 shows a dependency of penetration depth on the specific point energy 
(SPE) for two levels of power density. 
 
Figure 6.2- Effect of specific point energy on depth of penetration at low levels of power density: 
1.6 MWcm-2 (5 kW at 0.63 mm) and 0.4 MWcm-2 (2 kW at 0.78 mm) [12].  
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Considering Figure 6.2, a change in power density from 1.6 MWcm-2 to 0.4 MWcm-2 
could be achieved by either decreasing the laser power or increasing the spot size by 
changing the optical configuration. If, for example, the spot size is increased by 
using a different fibre, it could result in a move from point 1 to point 2 on the graph 
(decreasing the depth of penetration from 5 to 3 mm). However, this is counteracted 
by an increase in the interaction time because the spot size is increased. This 
increases the SPE, and results in an automatic shift from point 2 to point 3 
(increasing the depth of penetration from 3 to 4 mm). 
In summary, Suder et al. [12] showed that the depth of penetration is mainly 
controlled by the power density and the specific point energy (SPE) whilst the weld 
width is controlled by the interaction time.  
In any case it is clear that the SPE approach is useful in gathering and composing 
different sets of data for laser welding. This chapter investigates this option for laser 
cutting. 
In fibre laser cutting, the same sheet thickness can be cut with variety combination of 
laser parameters such as power, cutting speed, fibre diameter and focussed beam size 
which makes the parameter selection complicated. Since the purpose is to cut a sheet, 
it is important to know which laser parameters determine the cut sheet thickness. In 
commercial fibre laser cutting two laser parameters (power or cutting speed) can be 
changed in order to achieve a cut for a given system. Do the power density and 
specific point energy control the cut sheet thickness? 
Since the kerf width is important, the laser parameters, e.g. focal spot size and 
cutting speed, can be adjusted and tuned to achieve the narrowest kerf size for a 
given optical system. Regarding the effect of beam diameter on the kerf size, it is 
well known that the larger the focussed beam diameter, the wider the kerf width [1, 
10]. However for a given focussed beam diameter, if a different combination of laser 
parameters is used, different kerf sizes will be achieved. Does the interaction time 
control the kerf width? 
A model, which is used to investigate the SPE approach in laser cutting, is shown in 
Figure 6.3.  
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Figure 6.3- Schematic interaction of laser beam with workpiece in laser cutting. 
In order to simplify the following discussion, it has been supposed that the 
interaction area equals the area of the focussed laser beam on the sheet surface. In 
reality, the interaction area is something like a half-pipe which is kinked and bent 
towards the bottom of the kerf and its shape and inclination angle are changed with 
the cutting speed [22, 37]. Figure 6.4 shows how the cutting speed affects the cutting 
front angle [22]. 
 
Figure 6.4- Showing cut front laser beam interaction geometries. (A) Slower cutting speed (steep 
cut front, some laser beam is lost), (B) Faster cutting speed (steeper cut front, all laser beam 
interacts with cut edge) [22].  
In Equation 6.4, it is assumed that the laser cutting mechanism is performed by an 
energy (ܧௌ௉) with a uniform intensity distribution exerted to the cutting zone in a 
constant interaction time ( ௜ܶ). The intensity distribution of the beam was investigated 
by a beam characterisation test (see chapter 3).  
6.3 Cutting with maximum speed  
For each laser power a relevant maximum cutting speed was identified. This use of 
the maximum speed made sure that energy losses out of the kerf would be minimised 
in all cases. Table 6.1 briefly shows the parameters used in maximum cutting speed 
experiments.  
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Table 6.1- Cutting parameters which were applied in maximum cutting speed experiments.  
Focal 
length Thickness 
200 µm 400 µm 600 µm 
Power (kW) Speed (m/min) Power (kW) Speed (m/min) Power (kW) Speed (m/min) 
120 mm 
1 mm 0.14-0.32 0.12-2.4 0.16-0.7 0.22-4.55 0.25-1.55 0.36-6 
2 mm 0.25-0.8 0.12-2.4 0.3-1.6 0.22-4.55 0.375-1.67 0.36-3.6 
3 mm 0.35-1.425 0.12-2.4 0.42-1.52 0.22-2.2 0.55-1.35 0.36-1.6 
4 mm 0.48-1.7 0.12-1.7 0.55-1.7 0.22-1.45 0.68-1.55 0.36-1.2 
6 mm 0.75-1.4 0.15-0.6 0.9-1.15 0.22-0.55 1.3-1.6 0.45-0.6 
80 mm 
1 mm 0.12-0.21 0.09-1.8 0.14-0.47 0.156-3.12 - - 
4 mm 0.45-1.1 0.09-0.9 0.51-1.79 0.156-1.56 - - 
6 mm 0.7-1.7 0.09-0.6 0.8-1.5 0.195-0.52 - - 
The maximum speeds were confirmed by attempting to cut at slightly lower power. 
The results of cut/no cut are shown in Appendix Figure 10.1 to Figure 10.5. The 
small separation of the cut and no cut lines indicates the precision with which the 
maximum cutting speeds were determined. As can be seen, the border between cut 
and no cut is very narrow, indicating that the maximum cutting speeds used were 
accurate. 
6.3.1 Kerf width  
Kerf widths of all cuts were measured. Before going through the results of kerf 
width, it is appropriate to restate the diameters of focused beams which were 
measured by the focus monitor and used in this experiment (Table 6.2). 
Table 6.2- Focussed beam diameter for each fibre and focal length (measured at power of 400-
600 W).  
Focal length 
Fibre diameter (µm) 
200 µm 400 µm 600 µm 
120 mm 0.2 mm 0.37 mm 0.6 mm 
80 mm 0.15 mm 0.26 mm - 
Upper kerf width results as a function of power for some cuts are indicated in 
Figure 6.5 to Figure 6.8. As can be seen, in most case the kerf width is close to the 
focused beam diameter. However, in some cases the kerf width was observed 
significantly larger than the focused spot size e.g. the kerf widths for 200 µm fibre lie 
in the range of 500 to 600 µm (see Figure 6.8).  
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Figure 6.5- Kerf width versus power for different fibres (1 mm thick, 120 mm focal length). 
 
Figure 6.6- Kerf width versus power for different fibres (4 mm thick, 120 mm focal length). 
 
Figure 6.7- Kerf width versus power for different fibres (1 mm thick, 80 mm focal length). 
 
Figure 6.8- Kerf width versus power for different fibres (6 mm thick, 80 mm focal length). 
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6.4 Thermal lensing  
During kerf width measurement, it was observed that in some cases the kerf width 
slightly increased along the cut line as shown in Figure 6.9. Moreover, from the 
results of kerf width (Figure 6.5 to Figure 6.8) it can be seen that some kerf widths 
are unusually much wider than the focused beam size. For example, when cutting 
1 mm with using 400 µm the ratio of kerf width per spot size (K/S) is almost 
constant at 1.10 with increasing power from 0.14 kW to 0.47 kW, but when cutting 
6 mm with using 200 µm, the K/S is more than 2 and rapidly increases to 4 as power 
is increased from 0.7 kW to 1.0 kW (Figure 6.32) This kerf width widening with 
increasing time and power created a suspicion that some of the results of this 
experiment were affected by the thermal lensing phenomenon. 
 
Figure 6.9- Kerf width widening due to thermal lensing. Kerf width slightly increases along the 
cut (left to right) from 0.195 mm to 0.22 mm (1 mm thick, fibre of 200 µm, 120 mm focal length, 
power of 310 W, 2.4 m/min). 
  
Figure 6.10- Example of kerf width per spot size ratio (K/S) versus power for different fibres 
and thicknesses. Kerf width for 200 µm fibre and 6 mm thickness is much bigger than that is 
achieved for 400 µm-1 mm, confirming thermal lensing (80 mm focal length).  
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the lens which causes it to heat up [100]. The presence of dust and scratches on the 
lens will also create lens heating [11, 70]. In our experiments visual inspection of the 
lens surface showed a surface without dust or any scratch marks, but it seems that 
thermal lensing did happen in some cases. For example, this thermal lensing effect 
can clearly be seen in the example shown in Figure 6.9 where the kerf width is bigger 
at the end of the cut that it was at the beginning. 
In our results, thermal lensing had two effects on the kerf width for some samples: 
1- Time dependent: the kerf width increases along the cut as the time increases 
at which the cutting speed is constant (Figure 6.33). 
2- Power dependent: the kerf width is much bigger than the spot size when using 
higher power (Figure 6.32). 
When the lens is warming, the refractive index and thickness of the lens both change 
[99]. Figure 6.11 schematically shows the effect of thermal lensing on the lens 
geometry, focal position and the focused spot size. The effect of thermal lensing on 
the spot size will directly affect the kerf width.  
 
Figure 6.11- Schematically showing the effect of thermal lensing on the lens, focal distance and 
spot size for a lens with original focal length of 80 mm and raw beam diameter of 20 mm after 
collimation. Before thermal lensing, focused beam size at power of 400 W is 0.15 mm (measured 
by focus monitor). After thermal lensing, the lens volume increases and focal length decreases so 
the focussed spot size on the sheet surface increases, giving a bigger kerf width.  
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To remove results affected by thermal lensing only those with a K/S ratio less than or 
equal to 1.30 were accepted for thermal lensing. This means that several results, 
typically involving high powers and higher thicknesses, were removed from the 
original batch of results. From here onwards, only thermal lensing free results will be 
used.  
6.5 The effect of beam diameter on kerf width  
 
Figure 6.12- Kerf width versus beam diameter for different interaction times (1 mm-thick). 
 
Figure 6.13- Kerf width versus beam diameter for different interaction time (4 mm-thick). 
As can be seen in Figure 6.12 and Figure 6.13, the kerf width linearly increases with 
focussed beam diameter. Figure 6.14 also shows that there is only a slight increase in 
the kerf width with increasing interaction time. In Figure 6.12 the reverse slight 
relationship between interaction time and kerf width can be seen. In summary, 
interaction time has a negligible effect on the kerf width.  
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Figure 6.14- Showing kerf width slightly increases with interaction time (1 mm thick, 200 µm 
beam diameter, 120 mm focal length). 
6.6 Effect of power density on kerf width 
The effect of power density on the kerf width for different beam diameters is shown 
in Figure 6.15 and Figure 6.16 for thicknesses of 1 and 4 mm respectively. These 
graphs indicate that for a given beam diameter (e.g. 0.37 mm), the kerf width slightly 
increases with power density. This is probably because the top hat energy 
distribution of the beam is not exactly a top hat shape. As the power density of the 
beam increases the effective cutting diameter of the beam increases as illustrated in 
Figure 6.17. 
 
Figure 6.15- Kerf width versus power for different beam diameter (1mm-thick, power range of 
120-950 W, cutting speed range of 0.09-3.6 m/min, SPE range of 1.85-25 -.6 
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Figure 6.16- Kerf width versus power for different beam diameter (4mm-thick, power range of 
480-1550 W, cutting speed range of 0.15-1.2 m/min, SPE range of 22.8-68.3 -.6 
 
Figure 6.17- Energy distribution for two focused beams delivered by a fibre of 400µm at two 
powers of 400 W and 600 W. The energy distribution is not exactly a top hat. The energy density 
for the cutting threshold indicates that the effective beam diameter increases with power.  
6.7 Effect of power density and SPE on the cut sheet thickness  
The power densities, used in the maximum cutting experiments, are seen in 
Figure 6.18. In order to investigate the effect of power density on the cut sheet 
thickness for different combinations of laser cutting parameters, it is useful to 
separate the power density results into several batches, so that each batch consists of 
few power densities of very close values as shown in Figure 6.19.  
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Figure 6.18- Power density results as a function of data number. 
 
Figure 6.19- Showing power density batches used in following results. 
The specific point energy (SPE) range was specified for each power density group 
and sheet thickness as shown in Table 6.3. As can be seen, each group of power 
density consists of several thicknesses which help us to evaluate the effect of power 
density and SPE on the cut sheet thickness. 
Table 6.3- Showing the specific point energy for each sheet thickness and different power 
density range. 
Power density 
(MWcm-2) 
Specific point energy (J) 
1 mm 2 mm 3 mm 4 mm 6 mm 
0.120-0.141 12.0-13.6 31.92-37.47 - - - 
0.159-0.212 6.6-10.6 27.0 48.0-55.0 - - 
0.223-0.250 5.43-11.35 20.25 42.0 68.3 - 
0.263-0.286 9.0-11.2 23.77 - 64.74  
0.291-0.325 6.0-9.5 18.21 36.0 - - 
0.353-0.394 4.0-4.23 16.143 31.49-42.82 60.0 - 
0.441-508 6.38-14.0 17.32 30.0-37.65 52.05 104.1 
0.511-0.565 2.9-9.3 11.09 20.0-23.0 46.5-58.55 96.0 
0.735-0.837 2.9-10.44 8.82 17.14 34.7 90.88 
1.418-1.511 - 5.4-7.8 12.24-18.0 22.80 64.0 
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The effect of SPE on the cut sheet thickness (sheet thickness) for different power 
densities is indicated in Figure 6.20 and Figure 6.21. In order to compare welding 
and cutting processes with regard to the effect of SPE on the depth of penetration and 
cut sheet thickness, Figure 6.2 is duplicated as Figure 6.22.  
 
Figure 6.20- The effect of specific point energy on the cut sheet thickness for different power 
densities.  
 
Figure 6.21- The effect of specific point energy on the cut sheet thickness for different power 
densities. 
 
Figure 6.22- Duplication of Figure 6.2 to show the similarity of welding and cutting processes 
regarding the effect of SPE on the penetration depth and the cut sheet thickness.  
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As can be seen in Figure 6.20 and Figure 6.21, overall:  
1. The same thickness can be cut by decreased SPE and increased power 
density. For example, with the same power and a decrease in the beam 
diameter, the cutting speed is increased, boosting the cutting efficiency.  
2. With the same SPE, the cut sheet thickness can be increased with increasing 
power density.  
3. With the same power density, the cut sheet thickness increases with 
increasing SPE.  
6.8 Comparison of cutting and welding  
There are some similarities and differences between laser welding and laser cutting 
as summarised in Table 6.4. 
Laser welding Laser cutting 
Depth of penetration: 
In laser welding the depth of penetration is a 
significant issue for the material being welded. It 
describes the quality and strength of a weld [11, 
12]. 
Depth of cut (Cut sheet thickness): 
In laser cutting the cut sheet thickness represents 
the thickness of the plate being cut. 
Depth of penetration: 
The depth of penetration is mainly controlled by 
the power density and the specific point energy 
(see Figure 6.22) [11]. 
Depth of cut (Cut sheet thickness): 
The same conclusion is valid for laser cutting 
(see Figure 6.20 & Figure 6.21). 
Weld width: 
Weld width is important in the case of fit-up 
tolerance, residual stresses and distortions [11]. 
Cut width (kerf width): 
With a narrower kerf width, products with 
sharper corners can be cut. The narrower the kerf 
ZLGWKWKHPRUHWKHGHWDLORISURGXFW¶VSURILOH[3]. 
Weld width: 
The weld width is controlled by the interaction 
time [11, 12] (see Figure 6.23). 
Cut width (Kerf width): 
The cut width is not controlled by the interaction 
time. This is because, unlike welding, laser 
cutting involves material leaving the laser-
material interaction area. This ejected melt 
carries most of the energy of the process away 
from the cut zone. This prevents an increased 
interaction time from having a big effect on the 
cut width. In laser cutting, the cut width is 
generally controlled by the focused beam 
diameter (see Figure 6.23). 
Table 6.4- Comparison between laser cutting and laser welding.  
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Figure 6.23 is an example for difference between welding and cutting regarding the 
effect of interaction time on the weld/cut width.  
Welding (Cranfield) [11] Cutting (Nottingham) 
 
 
Figure 6.23- Weld width is controlled by the interaction time but the kerf width is not 
substantially change with increasing interaction time. Beam diameter for welding was 0.75 mm 
and for cutting was 0.2 mm. 
6.9 Discussion  
The similarity of Figure 6.20 and Figure 6.21 ZLWK 6XGHU¶V ILJXUH Figure 6.22) 
confirm that SPE analysis can be a useful tool in cutting as in welding. 
This tool enables cuts generated with different optical systems to be compared, but 
what industrial laser cutters really want to know is how it could be exploited to 
improve the cutting process.  
The cost of laser cutting can be approximated as being proportional to the energy 
input. For a given cut length the energy input is simply the laser power divided by 
the speed. As shown in Figure 6.24. 
 
Figure 6.24- Cost (kJ/m) plotted against SPE (J) showing that data forms straight lines, data 
point markers correspond to material thickness. 
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A plot of this cost against SPE (Figure 6.25) shows that the data falls on a series of 
straight lines, with each line starting at the origin. Further consideration shows that 
this plot of cost, power/speed, against SPE, (power u beam diameter)/speed would be 
expected to produce a set of straight lines with the gradient of each line 
corresponding to 1/beam diameter. This is clearly seen in Figure 6.25 were data point 
markers correspond to beam diameter. This analysis does highlight that for any given 
value of SPE cost is decreased by using a larger beam diameter.  
 
Figure 6.25- Cost (kJ/m) plotted against SPE (J) showing that data forms straight lines, with 
each line corresponding to a different beam diameter. 
The analysis can also be expanded to include cutting efficiency. Cutting efficiency, 
Ceff, is defined here as the ratio of the area of cut surface generated per second to the 
energy input from the laser per second as indicated in equation 6.5: 
 ܥ௘௙௙ ൌ ݄ כ ݈ݐܧݐ ൌ ݄ כ ܸܲ ሼ݉݉ଶǤ ܬିଵሽ 6.5 
Where: 
h: Cut sheet thickness (mm) 
l: Length of cut (mm) 
t: Time of cut (sec) 
E: Energy delivered to the cutting zoon 
V: cutting speed (mm/s) 
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Figure 6.26- Showing Figure 6.21 with the Ceff values for selected data point superposed, units 
for Ceff are 10-8 m2 J-1. 
Selected Ceff values are superposed on the depth of cut versus SPE plot in 
Figure 6.26. Two trends relating to Ceff are observed: 
x For a fixed cut sheet thickness, Ceff increases with SPE.  
x For a given value of SPE, Ceff increases as cut sheet thickness decreases.  
So, the highest cutting efficiencies will be achieved for thin section sheet cut with 
conditions that produce a high SPE. Powell [131] has discussed the fact that cutting 
efficiency is higher for thinner materials. The reason for this is that thin materials are 
cut at higher speeds. At these high speeds, there is less time for heat to be conducted 
away from the cut zone. This means that more of the laser energy can be used for 
melting and so cutting is more efficient. 
This chapter has shown that part of the approach of Suder can be applied to laser 
cutting. The weld width ± LQWHUDFWLRQWLPHSDUWRI6XGHU¶VZRUNFDQQRWEHDSSOLHGWR
laser cutting because the interaction time only has a minor effect on kerf width. 
+RZHYHU6XGHU¶VZHOGSHQHWUDWLRQGHSWK- SPE work can be applied to laser cutting 
to give useful comparisons between different optical set ups. This will be a useful 
tool for comparing different laser cutting systems in the future.  
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7 Summary and conclusions  
The work presented in this thesis has studied key characteristics of fibre laser cutting, 
including a study of striations on the cut edge. The piercing process, required to start 
a cut that does not start from the edge of a sheet, has been studied and a new, dual 
gas, process that minimises material wastage has been developed and demonstrated. 
The SPE analysis approach, developed by Suder and Williams at Cranfield 
University, has been shown to also be applicable to laser cutting.  
The results reported in Chapter 6 revealed that thermal lensing had occurred for some 
cutting conditions. This largely explains the observations in Chapter 4 of kerf widths 
significantly exceeding the beam diameter. The high brightness beams of fibre lasers 
make them particularly likely to suffer from thermal lensing. It should be noted that 
whilst the cuts reported in Chapter 4 may not have been made under optimal 
conditions, the reported trends and analysis are still valid, albeit for a larger spot size 
than expected.  
Specific key observations and conclusions are: 
7.1 Characterisation of fibre laser cutting:  
x The surface roughness for the oxygen laser cut edge is less than that for the 
nitrogen cut edge (on average 2.5 µm and 5 µm respectively). 
x EDS and XRD examination of the cut edges indicate that the surface 
produced by oxygen laser cutting is covered by an oxide layer (FeO + Fe3O4). 
This feature is not seen for nitrogen laser cutting.  
x In oxygen laser cutting, the striation patterns are much smoother than those 
observed for nitrogen laser cutting. This was evident from the results of 
surface roughness analysis. 
x Some striations in oxygen laser cutting are due to the rippled oxide on top of 
the smooth surface roughness. 
x After nitrogen laser cutting, the cut edge includes dross attachment while for 
oxygen laser cutting the cut edge is generally dross free. 
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x For both applied gases, the width of the HAZ on the lower part of cut edge is 
larger than that for the upper part.  
x The amount of HAZ for laser-nitrogen cutting is 2 to 2.7 times larger than 
that for laser-oxygen cutting. 
x The cross sectioned, polished and etched cut edge indicates that there is a 
relatively thick re-solidified melt material lining the cut edge after nitrogen 
cutting. This feature is not observed for the oxygen cut edge.  
7.2 Piercing 
x Piercing time reduces with both increasing laser power and assist gas pressure 
for both oxygen and nitrogen piercing. 
x Increasing laser power has a more significant effect: a ~40% increase in 
power produces a 40±50% decrease in piercing time. 
x The effect of increasing gas pressure is only significant at lower pressures, 2±
4 bar, for oxygen piercing. For both gases, increasing pressure from 4 to 8 bar 
only decreases piercing time by about 10%. 
x Holes pierced with oxygen are considerably wider than those cut with 
nitrogen. 
x A combination of piercing with nitrogen and cutting with oxygen can allow 
the piercing hole to be positioned on the cut line, minimising material 
wastage. 
7.3 Specific point energy (SPE) analysis:  
x The SPE concept can be applied to laser cutting.  
x Sheet cut thickness is mainly controlled by the power density and the specific 
point energy. This is in agreement with welding process.  
x In laser welding, the weld width is controlled by the interaction time but for 
cutting the cut width is not controlled by the interaction time. This is because, 
unlike welding, laser cutting involves material leaving the laser-material 
interaction area. This ejected melt carries most of the energy of the process 
away from the cut zone. This prevents an increased interaction time from 
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having a big effect on the cut width. In laser cutting, the cut width is 
generally controlled by the focused beam diameter. 
x The SPE results indicated the possibility that, for a given material thickness 
and any given value of SPE, cost could be decreased by using a larger beam 
diameter.  
x For a given cut sheet thickness, cutting efficiency increases with SPE.  
x For a given value of SPE, cutting efficiency increases as cut sheet thickness 
decreases. 
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8 Future Work 
It has been shown that SPE analysis is applicable to laser cutting. To date all results 
considered have come from a single laser, albeit using a variety of optical set ups. 
Further work is required to investigate the broader application of this approach, 
specifically: 
1 Collation of results from different laser systems to allow more wide ranging 
comparisons is required to fully examine the potential of this analysis 
approach.  
2 Further experiments with different materials to fully observe the effect of 
material on the SPE analysis.  
3 Further analysis is required to exploit the results of SPE analysis in 
optimisation of cutting cost and efficiency.  
The influence of thermal lensing on the laser cutting in terms of kerf width has been 
highlighted in this work. Further examination of published fibre laser cutting results 
is required to determine the extent of this issue. 
In order to gain further insight into striation generation it would be very interesting to 
obtain images of the cut front during cutting, and to correlate these with the resultant 
cut surface. Use of high speed imaging equipment could reveal the origin and 
evolution of surface features.  
A new method of piercing with nitrogen-cutting with oxygen, has been demonstrated 
however further work is required to in order to fully understand the mechanism and 
to optimise the process. Specific areas of interest are: 
1 Wider experimental investigation of effect of power intensity and inclined gas 
pressure on the breakthrough time and hole diameter. 
2 Additional experimental work to separate the effects of using an inclined 
piercing gas source and a nitrogen piercing gas source and thereby determine 
if an inclined jet of oxygen would have any benefit. 
3 For industrial applications a new cutting head could be developed, equipped 
with double coaxial nozzles and suitable valves to switch from nitrogen to 
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oxygen which is called NIPOC as shown in Figure 8.1. Optimisation of gas 
switching times could save process time and material.  
 
Figure 8.1- A developed NIPOC head with two coaxial nozzles (designed by the author).  
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10 Appendix 
Table 10.1- The effect of different parameters on the kerf width/spot size for stainless steel [73]. 
No Laser Power Material Assistant gas Speed Spot size Kerf width K/S 
1 Pulsed Fibre 6 W 0.11 mm, St. St. O2,Ø0.4, 0.3 MPa 4.8 mm/s 0.012 mm 0.019 mm 1.58 
2 Pulsed Fibre 6 W 0.11 mm, St .St. O2,Ø0.4, 0.3 MPa 6.5 mm/s 0.012 mm 0.0184 mm 1.53 
3 Pulsed Fibre 6 W 0.11 mm, St. St. O2,Ø0.4, 0.3 MPa 8 mm/s 0.012 mm 0.0183 mm 1.525 
4 Pulsed Fibre 6 W 0.11 mm, St. St. O2,Ø0.4, 0.3 MPa 9.7 mm/s 0.012 mm 0.0182 mm 1.52 
5 Pulsed Fibre 6 W 0.11 mm, St. St. O2,Ø0.4, 0.3 MPa 11.3 mm/s 0.012 mm 0.0181 mm 1.5 
6 Pulsed Fibre 7.5 W 0.11 mm, St. St. O2,Ø0.4, 0.3 MPa 4.8 mm/s 0.012 mm 0.023 mm 1.92 
7 Pulsed Fibre 7.5 W 0.11 mm, St. St. O2,Ø0.4, 0.3 MPa 6.5 mm/s 0.012 mm 0.0229 mm 1.91 
8 Pulsed Fibre 7.5 W 0.11 mm, St. St. O2,Ø0.4, 0.3 MPa 8 mm/s 0.012 mm 0.0228 mm 1.9 
9 Pulsed Fibre 7.5 W 0.11 mm, St. St. O2,Ø0.4, 0.3 MPa 9.7 mm/s 0.012 mm 0.0227 mm 1.89 
10 Pulsed Fibre 7.5 W 0.11 mm, St. St. O2,Ø0.4, 0.3 MPa 11.3 mm/s 0.012 mm 0.0226 mm 1.88 
11 Pulsed Fibre 9 W 0.11 mm, St. St. O2,Ø0.4, 0.3 MPa 4.8 mm/s 0.012 mm 0.0265 mm 2.21 
12 Pulsed Fibre 9 W 0.11 mm, St. St. O2,Ø0.4, 0.3 MPa 6.5 mm/s 0.012 mm 0.0264 mm 2.2 
13 Pulsed Fibre 9 W 0.11 mm, St. St. O2,Ø0.4, 0.3 MPa 8 mm/s 0.012 mm 0.0262 mm 2.18 
14 Pulsed Fibre 9 W 0.11 mm, St. St. O2,Ø0.4, 0.3 MPa 9.7 mm/s 0.012 mm 0.026 mm 2.17 
15 Pulsed Fibre 9 W 0.11 mm, St. St. O2,Ø0.4, 0.3 MPa 11.3 mm/s 0.012 mm 0.0258 mm 2.15 
 
 
Table 10.2- The effect of different parameters on the kerf width/spot size for stainless steel [46]. 
No Laser Power Material Assistant gas Speed Spot size Kerf width K/S 
1 Fibre 9 W 0.1 mm St. St. O2,Ø0.5,10 bar 50 mm/s 0.02 mm 0.02 mm 1 
2 Fibre 16 W 0.1 mm St. St. O2,Ø0.5,10 bar 50 mm/s 0.02 mm 0.027 mm 1.35 
3 Fibre 25 W 0.1 mm St. St. O2,Ø0.5,10 bar 50 mm/s 0.02 mm 0.028 mm 1.4 
4 Fibre 34 W 0.1 mm St. St. O2,Ø0.5,10 bar 50 mm/s 0.02 mm 0.034 mm 1.7 
5 Fibre 41 W 0.1 mm St. St. O2,Ø0.5,10 bar 50 mm/s 0.02 mm 0.043 mm 2.15 
6 Fibre 50 W 0.1 mm St. St. O2,Ø0.5,10 bar 50 mm/s 0.02 mm 0.045 mm 2.25 
7 Fibre 59 W 0.1 mm St. St. O2,Ø0.5,10 bar 50 mm/s 0.02 mm 0.047 mm 2.35 
8 Fibre 66 W 0.1 mm St. St. O2,Ø0.5,10 bar 50 mm/s 0.02 mm 0.055 mm 2.75 
9 Fibre 75 W 0.1 mm St .St. O2,Ø0.5,10 bar 50 mm/s 0.02 mm 0.056 mm 2.8 
10 Fibre 84 W 0.1 mm St. St. O2,Ø0.5,10 bar 50 mm/s 0.02 mm 0.065 mm 3.25 
11 Fibre 16 W 0.2 mm St. St. O2,Ø0.5,10 bar 20 mm/s 0.02 mm 0.022 mm 1.1 
12 Fibre 25 W 0.2 mm St. St. O2,Ø0.5,10 bar 20 mm/s 0.02 mm 0.026 mm 1.3 
13 Fibre 34 W 0.2 mm St. St. O2,Ø0.5,10 bar 20 mm/s 0.02 mm 0.03 mm 1.5 
14 Fibre 41 W 0.2 mm St. St. O2,Ø0.5,10 bar 20 mm/s 0.02 mm 0.034 mm 1.7 
15 Fibre 50 W 0.2 mm St. St. O2,Ø0.5,10 bar 20 mm/s 0.02 mm 0.036 mm 1.8 
16 Fibre 59 W 0.2 mm St. St. O2,Ø0.5,10 bar 20 mm/s 0.02 mm 0.038 mm 1.9 
17 Fibre 66 W 0.2 mm St. St. O2,Ø0.5,10 bar 20 mm/s 0.02 mm 0.041 mm 2.05 
18 Fibre 75 W 0.2 mm St. St. O2,Ø0.5,10 bar 20 mm/s 0.02 mm 0.042 mm 2.1 
19 Fibre 84 W 0.2 mm St. St. O2,Ø0.5,10 bar 20 mm/s 0.02 mm 0.048 mm 2.4 
20 Fibre 16 W 0.3 mm St. St. O2,Ø0.5,10 bar 20 mm/s 0.02 mm 0.018 mm 0.9 
21 Fibre 25 W 0.3 mm St. St. O2,Ø0.5,10 bar 20 mm/s 0.02 mm 0.022 mm 1.1 
22 Fibre 34 W 0.3 mm St. St. O2,Ø0.5,10 bar 20 mm/s 0.02 mm 0.028 mm 1.4 
23 Fibre 41 W 0.3 mm St. St. O2,Ø0.5,10 bar 20 mm/s 0.02 mm 0.033 mm 1.65 
24 Fibre 50 W 0.3 mm St. St. O2,Ø0.5,10 bar 20 mm/s 0.02 mm 0.036 mm 1.8 
25 Fibre 59 W 0.3 mm St. St. O2,Ø0.5,10 bar 20 mm/s 0.02 mm 0.038 mm 1.9 
26 Fibre 66 W 0.3 mm St. St. O2,Ø0.5,10 bar 20 mm/s 0.02 mm 0.047 mm 2.35 
27 Fibre 75 W 0.3 mm St. St. O2,Ø0.5,10 bar 20 mm/s 0.02 mm 0.048 mm 2.4 
28 Fibre 84 W 0.3 mm St. St. O2,Ø0.5,10 bar 20 mm/s 0.02 mm 0.058 mm 2.9 
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Table 10.3- The effect of different parameters on the kerf width/spot size for zinc steel [30]. 
No Laser Power Material Assistant gas Speed Spot size Kerf width K/S 
1 Nd:Yag -Fib- CW 600 W 1 mm, Zinc St. O2, Ø1.2, 6 bar 2 m/min 0.18 mm 0.25 mm 1.39 
2 Nd:Yag -Fib- CW 600 W 1 mm, Zinc St. O2, Ø1.2, 6 bar 3 m/min 0.18 mm 0.23 mm 1.28 
3 Nd:Yag -Fib- CW 600 W 1 mm, Zinc St. O2, Ø1.2, 6 bar 4 m/min 0.18 mm 0.2 mm 1.11 
4 Nd:Yag -Fib- CW 600 W 1 mm, Zinc St. O2, Ø1.2, 6 bar 5 m/min 0.18 mm 0.19 mm 1.06 
5 Nd:Yag -Fib- CW 600 W 1 mm, Zinc St. O2, Ø1.2, 6 bar 6 m/min 0.18 mm 0.17 mm 0.94 
6 Nd:Yag -Fib- CW 600 W 1 mm, Zinc St. N2, Ø1.2, 6 bar 2 m/min 0.18 mm 0.225 mm 1.25 
7 Nd:Yag -Fib- CW 600 W 1 mm, Zinc St. N2, Ø1.2, 6 bar 3 m/min 0.18 mm 0.19 mm 1.06 
8 Nd:Yag -Fib- CW 600 W 1 mm, Zinc St. N2, Ø1.2, 6 bar 4 m/min 0.18 mm 0.19 mm 1.06 
9 Nd:Yag -Fib- CW 600 W 1 mm, Zinc St. N2, Ø1.2, 6 bar 5 m/min 0.18 mm 0.175 mm 0.97 
10 Nd:Yag -Fib- CW 600 W 1 mm, Zinc St. N2, Ø1.2, 6 bar 6 m/min 0.18 mm - - 
11 Nd:Yag -Fib- CW 600 W 1 mm, Zinc St. Air, Ø1.2, 6 bar 2 m/min 0.18 mm 0.225 mm 1.25 
12 Nd:Yag -Fib- CW 600 W 1 mm, Zinc St. Air, Ø1.2, 6 bar 3 m/min 0.18 mm 0.22 mm 1.22 
13 Nd:Yag -Fib- CW 600 W 1 mm, Zinc St. Air, Ø1.2, 6 bar 4 m/min 0.18 mm 0.2 mm 1.11 
14 Nd:Yag -Fib- CW 600 W 1 mm, Zinc St. Air, Ø1.2, 6 bar 5 m/min 0.18 mm 0.18 mm 1 
15 Nd:Yag -Fib- CW 600 W 1 mm, Zinc St. Air, Ø1.2, 6 bar 6 m/min 0.18 mm 0.165 mm 0.92 
16 Nd:Yag-Fib- Pul 600 W 1 mm, Zinc St. O2, Ø1.2, 6 bar 2 m/min 0.18 mm 0.225 mm 1.25 
17 Nd:Yag-Fib- Pul 600 W 1 mm, Zinc St. O2, Ø1.2, 6 bar 3 m/min 0.18 mm 0.2 mm 1.11 
18 Nd:Yag-Fib- Pul 600 W 1 mm, Zinc St. O2, Ø1.2, 6 bar 4 m/min 0.18 mm 0.21 mm 1.17 
19 Nd:Yag-Fib- Pul 600 W 1 mm, Zinc St. O2, Ø1.2, 6 bar 5 m/min 0.18 mm 0.2 mm 1.11 
20 Nd:Yag-Fib- Pul 600 W 1 mm, Zinc St. O2, Ø1.2, 6 bar 6 m/min 0.18 mm 0.18 mm 1 
21 Nd:Yag-Fib- Pul 600 W 1 mm, Zinc St. N2, Ø1.2, 6 bar 2 m/min 0.18 mm 0.175 mm 0.97 
22 Nd:Yag-Fib- Pul 600 W 1 mm, Zinc St. N2, Ø1.2, 6 bar 3 m/min 0.18 mm 0.17 mm 0.94 
23 Nd:Yag-Fib- Pul 600 W 1 mm, Zinc St. N2, Ø1.2, 6 bar 4 m/min 0.18 mm 0.15 mm 0.83 
24 Nd:Yag-Fib- Pul 600 W 1 mm, Zinc St. N2, Ø1.2, 6 bar 5 m/min 0.18 mm 0.14 mm 0.78 
25 Nd:Yag-Fib- Pul 600 W 1 mm, Zinc St. N2, Ø1.2, 6 bar 6 m/min 0.18 mm - - 
26 Nd:Yag-Fib- Pul 600 W 1 mm, Zinc St. Air, Ø1.2, 6 bar 2 m/min 0.18 mm 0.21 mm 1.17 
27 Nd:Yag-Fib- Pul 600 W 1 mm, Zinc St. Air, Ø1.2, 6 bar 3 m/min 0.18 mm 0.2 mm 1.11 
28 Nd:Yag-Fib- Pul 600 W 1 mm, Zinc St. Air, Ø1.2, 6 bar 4 m/min 0.18 mm 0.175 mm 0.97 
29 Nd:Yag-Fib- Pul 600 W 1 mm, Zinc St. Air, Ø1.2, 6 bar 5 m/min 0.18 mm 0.16 mm 0.89 
30 Nd:Yag-Fib- Pul 600 W 1 mm, Zinc St. Air, Ø1.2, 6 bar 6 m/min 0.18 mm 0.15 mm 0.83 
 
Table 10.4- The effect of different parameters on the kerf width/spot size for stainless steel [46]. 
Power Material Assistant gas Speed Spot size Kerf width K/S 
16 W 0.1 mm St. St. N2,Ø0.5,10 bar 50 mm/s 0.02 mm 0.026 mm 1.3 
25 W 0.1 mm St. St. N2,Ø0.5,10 bar 50 mm/s 0.02 mm 0.025 mm 1.25 
34 W 0.1 mm St. St. N2,Ø0.5,10 bar 50 mm/s 0.02 mm 0.036 mm 1.8 
41 W 0.1 mm St. St. N2,Ø0.5,10 bar 50 mm/s 0.02 mm 0.047 mm 2.35 
50 W 0.1 mm St. St. N2,Ø0.5,10 bar 50 mm/s 0.02 mm 0.055 mm 2.75 
59 W 0.1 mm St. St. N2,Ø0.5,10 bar 50 mm/s 0.02 mm 0.058 mm 2.9 
66 W 0.1 mm St. St. N2,Ø0.5,10 bar 50 mm/s 0.02 mm 0.065 mm 3.25 
75 W 0.1 mm St. St. N2,Ø0.5,10 bar 50 mm/s 0.02 mm 0.071 mm 3.55 
84 W 0.1 mm St. St. N2,Ø0.5,10 bar 50 mm/s 0.02 mm 0.070 mm 3.5 
34 W 0.2 mm St. St. N2,Ø0.5,10 bar 50 mm/s 0.02 mm 0.031 mm 1.55 
42.5 W 0.2 mm St. St. N2,Ø0.5,10 bar 50 mm/s 0.02 mm 0.040 mm 2 
50 W 0.2 mm St. St. N2,Ø0.5,10 bar 50 mm/s 0.02 mm 0.041 mm 2.05 
59 W 0.2 mm St. St. N2,Ø0.5,10 bar 50 mm/s 0.02 mm 0.045 mm 2.25 
66 W 0.2 mm St. St. N2,Ø0.5,10 bar 50 mm/s 0.02 mm 0.052 mm 2.6 
75 W 0.2 mm St. St. N2,Ø0.5,10 bar 50 mm/s 0.02 mm 0.057 mm 2.85 
84 W 0.2 mm St. St. N2,Ø0.5,10 bar 50 mm/s 0.02 mm 0.064 mm 3.2 
42 W 0.3 mm St. St. N2,Ø0.5,10 bar 20 mm/s 0.02 mm 0.045 mm 2.25 
51 W 0.3 mm St. St. N2,Ø0.5,10 bar 20 mm/s 0.02 mm 0.065 mm 3.25 
58 W 0.3 mm St. St. N2,Ø0.5,10 bar 20 mm/s 0.02 mm 0.052 mm 2.6 
68 W 0.3 mm St. St. N2,Ø0.5,10 bar 20 mm/s 0.02 mm 0.053 mm 2.65 
76 W 0.3 mm St. St. N2,Ø0.5,10 bar 20 mm/s 0.02 mm 0.066 mm 3.3 
84 W 0.3 mm St. St. N2,Ø0.5,10 bar 20 mm/s 0.02 mm 0.071 mm 3.55 
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Figure 10.1- Power versus maximum cutting speed for different thicknesses (200 µm fibre diameter, 120 mm focal length, 12 bar nitrogen). 
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Figure 10.2- Power versus maximum cutting speed for different thicknesses (400 µm fibre diameter, 120 mm focal length, 12 bar nitrogen). 
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Figure 10.3- Power versus maximum cutting speed for different thicknesses (600 µm fibre diameter, 120 mm focal length, 12 bar nitrogen). 
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Figure 10.4- Power vs max cutting speed for different thicknesses (200 µm, 
80 mm focal length, 12 bar nitrogen). 
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Figure 10.5- Power vs max cutting speed for different thicknesses (400 µm, 
80 mm focal length, 12 bar nitrogen). 
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